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Preface 



During the last decade, stimulated by unprecedented growth in the wireless 
communication application, outstanding progress has been made in the develop- 
ment of low-cost solutions for front-end RF and microwave systems. Lumped 
elements such as inductors, capacitors, and resistors have played a vital role in 
the development of such low-cost circuits. Numerous articles on the subject of 
lumped elements are scattered in a wide array of technical journals and conference 
proceedings; however, no comprehensive text dedicated to this topic exists. 
There is an urgent need for a book on this subject to fill the void. 

This book deals with comprehensive treatment of RF and microwave 
circuit elements, including inductors, capacitors, resistors, transformers, via 
holes, airbridges, and crossovers. The topics discussed include materials, fabrica- 
tion, analyses, design, modeling, and physical, electrical, and thermal practical 
considerations. The elements of the book are self-contained and cover practical 
aspects in detail, which generally are not readily available. This book also includes 
extensive design information in the form of equations, tables, and figures. 

The unique features of this book include an in-depth study of lumped 
elements, extensive design equations and figures, the treatment of the practical 
aspect of lumped elements, and a description of fabrication technologies. The 
purpose of this book is to present a complete and up-to-date body of knowledge 
on lumped elements. The topics dealing with lumped elements are divided into 
14 chapters. 

The lumped elements are introduced in Chapter 1 . This chapter describes 
the basic design of lumped elements and their modeling, fabrication, and applica- 
tions. Chapter 2 deals with basics of inductors. It provides basic definitions, 
inductor configurations, inductor models, coupling between inductors, and 
electrical representations. 
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xviii 



The printed inductors are covered in Chapter 3. The realization of induc- 
tors on several different substrates are treated. These include inductors on Si, 
GaAs, printed circuit board, and hybrid integrated circuit substrates. Wire 
inductors are the subject of Chapter 4. Analysis and design of wire-wound and 
bond wire inductors are discussed. A brief description of magnetic materials is 
also included. 

Capacitors, including discrete, MIM, and interdigital, are described in 
Chapters 5, 6, and 7, respectively. The basic definition of capacitor parameters, 
chip capacitor types, the analysis of parallel plate capacitors, voltage and current 
ratings, and the electrical representation of capacitors are included in Chapter 
5. Monolithic capacitors are treated in Chapter 6. Equivalent circuit models of 
capacitors, high-density capacitors, and capacitor shapes are discussed in this 
chapter. The treatment of interdigital capacitors is included in Chapter 7, 
describing its equivalent circuit models, design considerations, and applications. 

Chapters 8, 9, and 10 deal with lumped resistors, via holes, and airbridge/ 
dielectric crossovers, respectively. The basic definitions of resistor parameters, 
resistor types, high-power resistors, resistor equivalent circuit models, and resis- 
tor-circuit representations are included in Chapter 8. The effective conductivity 
of resistor materials and thermistor as an application of a resistor are discussed. 
Chapter 9 deals with via hole connection and via hole ground. The analysis 
and equivalent circuit models and design considerations, including coupling 
and layout of via holes, are described. Types of airbridge and crossover, analysis 
techniques, equivalent circuit models, and design consideration are discussed 
in Chapter 10. 

The applications of lumped elements including transformers, baluns, and 
other passive circuits are treated in Chapters 11 and 12. The basic theory of 
transformers, wire wrapped, transmission line transformers, and ferrite trans- 
formers are discussed in Chapter 11. This chapter also describes parallel conduc- 
tor transformers on Si substrate and spiral transformers on GaAs substrate. 
Passive lumped element circuits are discussed in Chapter 12. The circuit types 
include filters, hybrids, dividers, matching networks, biasing networks, switches, 
phase shifters, and attenuators. 

Chapter 13 deals with fabrication technologies for lumped elements, 
including materials, salient features of fabrication, and examples. The fabrication 
technologies discussed are printed circuit board, microwave printed circuit, 
hybrid microwave integrated circuit, monolithic microwave integrated circuit, 
monolithic integrated CMOS, and micromachining. 

The microstrip overview is given in Chapter 14 in order to make this book 
self-contained. The topics discussed are design equations, design considerations, 
thermal design, coupled lines, and discontinuities. The appendix is included to 
facilitate readers in their designs. I hope that the selection of topics and their 
presentation will meet the expectations of the readers. 
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Introduction 



A lumped element in microwave circuits is defined as a passive component 
whose size across any dimension is much smaller than the operating wavelength 
so that there is no appreciable phase shift between the input and output terminals. 
Generally, keeping the maximum dimension less than A 1 20 is a good approxima- 
tion where A is the guide wavelength. Lumped elements for use at RF and 
microwave frequencies are designed on the basis of this consideration. RF and 
microwave circuits use three basic lumped-element building blocks; capacitors, 
inductors and resistors. Lumped inductor transformers and baluns are also 
commonly used in many circuits. 



1.1 History of Lumped Elements 

Lumped elements (LEs) came into existence for possible use in microwave inte- 
grated circuits (MICs) almost four decades ago. The first usage of lumped 
elements was reported in 1965 [1]. During the late 1960s and early 1970s, 
several papers [2-9] describing the design, measurement, and application of 
LEs were published. During that time, the primary purpose was to reduce the 
size of MICs at the low end of the microwave frequency band. At L- and 
S-band frequencies, MIC technology using a distributed circuit approach (e.g., 
microstrip) occupies a lot of space. During the 1970s and early 1980s, tremen- 
dous progress was made using LEs for MICs at operating frequencies as high 
as 12 GFFz [10-12], During the advent of monolithic microwave integrated 
circuits (MMICs) in 1976, LEs became an integral part of microwave circuit 
design [13-28]. The emergence of wireless and mobile applications along with 
increased phased-array applications have provided additional incentives to use 
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LEs to develop compact and lower cost active and passive RF and microwave 
circuits [29]. Figure 1.1 shows the basic lumped elements used in MMICs. 
Also shown are via holes and dielectric crossovers, which are integral parts of 
these elements. 



1.2 Why Use Lumped Elements for RF and Microwave 
Circuits? 

Although lumped-element circuits typically exhibit a lower quality factor Q 
than distributed circuits due to smaller element dimensions and the multilevel 
fabrication process, they have the advantage of smaller size, lower cost, and 
wider bandwidth characteristics. These characteristics are especially suitable for 
monolithic MICs and for broadband hybrid MICs where small size requirements 
are of prime importance. Impedance transformations of the order of 20: 1 can 
be accomplished easily using the lumped-element approach. Therefore, high- 
power devices with very low input and output impedance values can be matched 
to 50 ft easily with large impedance transformers using lumped elements. Because 
lumped elements are by definition much smaller than the wavelength, coupling 
effects between them when they are placed in proximity are smaller than those 
of distributed elements. In LE-based compact circuits, amplitude and phase 
variations are smaller due to smaller phase delays. This feature helps further in 
realizing high-performance compact circuits. 

Currently MMIC technologies have reached a mature stage; lumped ele- 
ments working at up to even 30 GEIz are more suitable for low-cost circuit 
solutions. At frequencies below C-band, MMICs using lumped inductors and 
capacitors are an order of magnitude smaller than ICs using distributed elements 
fabricated in microstrip or coplanar waveguide (CPW). At RF and the low end of 
the microwave band, the use of lumped elements makes the chip size significantly 
smaller without affecting the RF performance, increases the number of chips 
per wafer, and gives improved visual and RF yields. All of these factors can 
reduce chip costs drastically. 

Another advantage of using lumped elements in RF and microwave circuits 
lies in the fact that several design techniques used in circuits at lower RF 
frequencies, which are not practical at microwave frequencies using microstrip, 
coaxial, or waveguide transmission media, can now be successfully applied up 
to X-band frequencies. The circuit configurations include true lowpass and 
highpass filters; Gilbert-cell mixers; Colpitts, Pierce, Elartley, Clapp, and multivi- 
brator-type oscillators; differential, push-pull, and feedback amplifiers; high- 
voltage and phase-splitting amplifiers; direct-coupled amplifiers; bridged T-coil 
amplifiers; and series and shunt gain peaked broadband amplifiers. 
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Figure 1.1 MMIC circuits use passive lumped elements: (a) spiral inductor, (b) interdigital 
capacitor, (c) airbridge crossover, (d) thin-film resistor, (e) MIM capacitor, and 
(f) via hole. 
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In broadband applications, lumped elements play a significant role in 
achieving the required circuit performance. To tune out the active device capaci- 
tance, one needs an inductance with the minimum possible parasitic capacitance. 
At microwave frequencies, one generally uses high-impedance lines, which are 
inductive in nature. However, these lines have associated shunt capacitance, 
which reduces the gain-bandwidth product of the circuit. For example, a 12-/xm- 
wide microstrip conductor on a 75-/xm-thick GaAs substrate requires a 
l,160-/Ltm-long line to realize an inductance value of 0.8 nH. The associated 
shunt capacitance value is about 0.13 pF. On the other hand, a lumped-element 
inductor with a 1 2-/zm width and 2.5 turns will result in 0.8 nH of inductance 
and only 0.04 pF of shunt capacitance. Therefore, using lumped inductors with 
much lower parasitic capacitance will result in wider bandwidth circuits. 

RF chokes using lumped inductors have a distinct advantage in terms of 
size and bandwidth in comparison to the A/4 line transformers commonly used 
in microwave circuits to bring bias to active or passive solid-state devices. For 
example, a compact inductor having 5-nH value and a series resonant frequency 
above 20 GHz can be used as a RF choke from 5 to 20 GHz, whereas one 
needs two to three sections of A/4 transformers to realize the same bandwidth. 

In summary, LEs in comparison to conventional distributed elements have 
smaller size and lower cost, large impedance transformation ratio capability, 
smaller interaction effects between circuit elements, lower associated complemen- 
tary reactance, and wider bandwidth capability. 



1.3 L, C, R Circuit Elements 

In this section brief descriptions of an inductor (Z), a capacitor (C), and a 
resistor ( R ) and their basic functions are provided. Mathematical relations 
between the terminal voltage and current across these circuit elements as shown 
in Figure 1.2 are also included. In this discussion we will consider these elements 
as ideal; that is, L, C, R represent a pure and linear inductor, capacitor, and 
resistor, respectively. 



iff) i(t) I 




Figure 1.2 Two-terminal voltage and current representations of lumped inductor, capacitor 
and resistor. 
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An ideal inductor of inductance L stores or releases magnetic energy W m , 
and does not store electric energy. This component also does not dissipate any 
power and the phase of the time-varying electric current i{t) lags the phase of 
the voltage v{t) across its terminals. Mathematically, 


di{t ) 

v\t) = L ^ , v 


II 

e 

. 


(1.1a) 


i{t) = — dt. 


*** . 

ii 

e * 

bn 


(1.1b) 


W m = l ~Lil 




(1.1c) 



where the time dependence is assumed as e ]LOt and iq is the root mean square 
(rms) value of the current. 

In an ideal capacitor of capacitance C, the stored or released energy is 
only of electric type W e and such components do not dissipate any power. In 
a capacitor the phase of the electric current i(t) leads the phase of the voltage 
v(t) and the relationships between v and i are expressed as follows: 

i = jcoCv (1.2a) 

v(t ) = — J i{t) dt (1.2b) 

W e = l -Cvl (1.2c) 

where vq is the rms value of the voltage. 

A lossy component, when its dimensions are much less than the operating 
wavelength, is considered a linear resistor. In such a component, the voltage 
and current across its terminals are in phase and the incident power is completely 
dissipated. If V and / are the rms voltage and current across a resistor of value 
R, then by Ohm’s law 



i(t) = C 



dv{t ) 

~dT' 

i 



V= RI 



( 1 . 3 ) 



The power dissipated P is given by 
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Y L 

P= VI= RI 2 = — (1.4) 

K 



1.4 Basic Design of Lumped Elements 

Lumped elements at RF and microwave frequencies are designed based on small 
sections of TEM lines such as microstrip lines, which are much smaller than 
the operating wavelength. Consider a uniform transmission line with series 
resistance {R ), series inductance (Z ), shunt conductance ( G ), and shunt capaci- 
tance (C), all defined per unit length of the line as shown in Figure 1.3. In 
this case the total length £ is divided into small sections of length A £« A. 
From transmission line theory, the driving point or input impedance Z m of 
the line of length £ and terminated in an impedance Zi at the output as shown 
in Figure 1.4, is given by 

Z L cosh (yl) + Z Q sinh (yl) 

111 °Z 0 cosh (yl) + Z z sinh (yl) 

where Zq is known as the characteristic impedance and y is the propagation 
constant of the transmission line. These quantities are expressed as 



= . \ R_ + jo>L_ 
° \ G + jcoC 



( 1 . 6 ) 



R L 

o^wv- ^ | | | 






C < G 

_x 



X 



XT’ 

XL 



Figure 1.3 Lumped circuit representation of a transmission line. 



h — « — H 
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Figure 1.4 Input impedance of a transmission line terminated in load Z^. 
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y = ■ \J(r + jcoL)(G + jcoC) = a + j/3 



(1.7) 



where a and /3 are the attenuation and phase constants, respectively. When the 
line length is very small, y£ « 1, Zj n may be written as 



7 _ 7 Z L + ^0 71 
^-^Z, + Z L yt 



( 1 . 8 ) 



For a lossless case, R = G = 0 



Z 0 = "W — and y = j(3 = jcoyj LC 



(1.9) 



Next we discuss the realization of various lumped elements using (1.5). 



1.4.1 Capacitor 

A lumped capacitor may be realized by using an open-circuited ( Zi — °°) 
microstrip section. In this case (1.5) becomes 



Z- - 

z —‘ in — 



Z n 



Z, 



o 



tanh ( y€ ) 






(i.io) 



When y£ « 1, 



7 ~ ^0 , Z Q 7^ 
m “ y€ 3 

From (1.6) and (1.7), and G « coC 

G M 1 jale 

Z\ u = h — — 1 = 1 — 

(cocfe 3 jtoce 3 



Neglecting the inductor parasitic, 

^ _ G R 1 

in “(^C? + 3 + J^C 



(1.11) 



( 1 . 12 ) 



(1.13) 



where G, R, C are the total conductance, resistance, and capacitance of the 
microstrip section. The equivalent circuit of the open-circuited stub is shown 
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2 

in Figure 1.5, where GI(coC) and R/3 represent the dielectric and conductor 
loss, respectively. 

Equation (1.13) also provides another interesting conclusion: For any 
open-circuited line, the conductive resistance is only one-third of the total 
resistance measured between input and output. This is why in metal semiconductor 
field-effect transistors (MESFETs) or high electron mobility transistors (ElEMTs), 
the RF gate resistance is taken as one-third of the end-to-end gate finger 
resistance. 

1.4.2 Inductor 

The input impedance of a small section (yf « 1) short-circuited ( Zi = 0) 
line is expressed as 



Z; n = Z 0 tanh (yf ) = Z 0 y€ = R + jcoL (1.14) 

Thus a small-length short-circuited transmission line behaves as an inductor 
in series with a resistor R as shown in Figure 1.6. The resistance R represents 
the conductor loss, which is negligible for short sections of copper or gold 
conductors. 

1.4.3 Resistor 

As discussed earlier, the short-circuited transmission line behaves as an inductor 
when the conductors have low resistance. FFowever, when a section of good 

G/(a»C) 2 R/3 

o — vvwwv 

C 

o 

Figure 1.5 Capacitor-resistor representation of a short open-circuited transmission line 
section. 




L 



Figure 1.6 Inductor-resistor representation of a small-length short-circuited transmission line 
section. 
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conductor is replaced with thin lossy conductor such as NiCr (sheet resistance 
= 20ft/square compared to 0.005ft/square for gold), the resistive part becomes 
dominant and the microstrip section behaves as a resistor with negligible parasitic 
inductive and capacitive reactances. 



1.5 Lumped-Element Modeling 

An ideal lumped element is not realizable even at lower microwave frequencies 
because of the associated parasitic reactances due to fringing fields. At RF and 
microwave frequencies, each component has associated electric and magnetic 
fields and finite dissipative loss. Thus, such components store or release electric 
and magnetic energies across them and their resistance accounts for the dissipated 
power. The relative values of the C, L, and R components in these elements 
depend on the intended use of the LE. To describe their electrical behavior, 
equivalent circuit models for such components are commonly used. Lumped- 
element equivalent circuit (EC) models consist of basic circuit elements (L, C, 
or R) with the associated parasitics denoted by subscripts. Accurate computer- 
aided design of MICs and MMICs requires a complete and accurate characteriza- 
tion of these components. This requires comprehensive models including the 
effect of ground plane, fringing fields, proximity effects, substrate material 
and thickness, conductor thickness, and associated mounting techniques and 
applications. Thus, an EC representation of a lumped element with its parasitics 
and their frequency-dependent characteristics is essential for accurate element 
modeling. An EC model consists of the circuit elements necessary to fully 
describe its response, including resonances, if any. Models can be developed 
using analytical, electromagnetic simulation, and measurement based methods. 

The early models of lumped elements were developed using analytical 
semiempirical equations. In 1943, Terman [30] published an expression for the 
inductance of a thin metallic straight line that was later improved by Caulton 
et al. [3], who added the effect of metallization thickness. Wheeler [31] presented 
an approximate formula for the inductance of a circular spiral inductor with 
reasonably good accuracy at lower microwave frequencies. This formula has 
been extensively used in the design of microwave lumped circuits. Grover [32] 
has discussed inductance calculations for several geometries. The theoretical 
modeling of microstrip inductors for MICs has usually been based on two 
methods: the lumped-element approach and the coupled-line approach. The 
lumped-element approach uses formulas for free-space inductance with ground 
plane effects. These frequency-independent formulas are useful only when the 
total length of the inductor is a small fraction of the operating wavelength and 
when interturn capacitance can be ignored. In the coupled-line approach, an 
inductor is analyzed using multiconductor coupled microstrip lines. This 
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technique predicts the spiral inductor’s performance reasonably well for two 
turns and up to about 18 GHz. 

An earlier theory for the interdigital capacitor was published by Alley [4], 
and Joshi et al. [33] presented modified formulas for these capacitors. Mondal 
[34] reported a distributed model of the MIM capacitor based on the coupled- 
line approach. Pengelly et al. [35, 36] presented the first extensive results 
on different lumped elements on GaAs, including inductors and interdigital 
capacitors, with special emphasis on the Q -factor. Pettenpaul et al. [37] reported 
lumped-element models using numerical solutions along with basic microstrip 
theory and network analysis. In general, analytical models are good for estimating 
the electrical performance of lumped elements. 

The realization of lumped L, C, R elements at microwave frequencies is 
possible by keeping the component size much smaller than the operating wave- 
length. However, when the component size becomes greater than A/10, these 
components have undesirable associated parasitics such as resistance, capacitance, 
and inductance. At RF and higher frequencies, the reactances of the parasitics 
become more significant, with increasing frequency resulting in higher loss and 
spurious resonances. Thus, empirical expressions are not accurate enough to 
predict LE performance accurately. Once lumped elements are accurately charac- 
terized either by electromagnetic (EM) simulation or measurements, the parasitic 
reactances become an integral part of the component and their effects can be 
included in the design. 

Recent advances in workstation computing power and user-friendly soft- 
ware make it possible to develop EM field simulators [38-43]. These simulators 
play a significant role in the simulation of single and multilayer passive circuit 
elements such as transmission lines and their discontinuities; patches; multilayer 
components, namely, inductors, capacitors, resistors, via holes, airbridges, induc- 
tor transformers, packages, and so on; and passive coupling between various 
circuit elements. Accurate evaluation of the effects of radiation, surface waves 
and interaction between components on the performance of densely packed 
MMICs can only be calculated using three-dimensional (3-D) EM simulators. 

The most commonly used method of developing accurate models for 
lumped elements is by measuring dc resistance and S-parameter data. This 
modeling approach gives quick and accurate results, although the results are 
generally limited to just the devices measured. EC model parameters are extracted 
by computer optimization, which correlates the measured dc and S-parameter 
data (one- or two-port data) up to 26 or 40 GHz depending on the application. 
The accuracy of the model parameter values can be as good as the measurement 
accuracy by using recently developed on-wafer calibration standards and tech- 
niques [44], The equivalent circuit models are valid mostly up to the first parallel 
resonant frequency f tes . However, when a design is involved with harmonics, for 
example, a power amplifier with second and third harmonic terminations at 
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the output, one requires either EM simulated data working up to the highest 
design frequency or a more complex model taking into account higher order 
resonances. If the operating frequency is lower than/ res /3, then the models 
discussed above are adequate. 

At RF and microwave frequencies, the resistance of LEs is quite different 
from their dc values due to the skin effect. When an RF signal is applied across 
a LE, due to the finite conductivity of the conductor material, EM fields 
penetrate a conductor only a limited depth along its cross section. The distance 
in the conductor over which the fields decrease to lie (about 36.9%) of the 
values at the surface is called depth of penetration, or skin depth. This effect 
is a function of frequency with the penetration depth decreasing with increasing 
frequency. The flow of RF current is limited to the surface only, resulting in 
higher RF surface resistance than the dc value. This effect is taken into account 
during accurate modeling of the resistive loss in the component. Modeling of 
lumped elements is discussed in later chapters. 



1.6 Fabrication 

Various technologies are used to fabricate lumped elements, including printed 
circuit board, thin-film, thick-film, cofired ceramic, and MICs. At RF and 
microwave frequencies, printed circuit board technology is limited to inductors, 
whereas the other technologies can be used to make all lumped elements. In 
traditional MICs, active devices in addition to passive discrete components such 
as inductors, capacitors, and resistors are attached externally to an etched circuit 
on an alumina substrate. In contrast, in MMICs, all circuit components, active 
and passive, are fabricated simultaneously on a common semi-insulating semi- 
conductor substrate. Therefore, by eliminating discrete components and bond 
wire interconnects, the monolithic technologies have the advantage of being 
well suited to high-volume production. Details of these technologies are given 
in Chapter 13. Discrete components are manufactured exclusively using thin- 
and thick-film techniques, whereas monolithic integrated components are com- 
monly fabricated on GaAs and Si substrates. With the advent of new photolitho- 
graphic techniques, the fabrication of lumped elements previously limited to 
X-band frequencies can now be extended to about 60 GHz. 

Discrete lumped elements are produced on big sheets and then individually 
diced or cut. However, in MICs and MMICs the lumped elements are fabricated 
on dielectric substrates, such as alumina and GaAs. The main purpose of the 
substrate is to provide the needed physical support for these components and 
a fixed environment for accurate characterization. In this case the EM energy 
is confined to a very small area. Thus, the quality of the substrate material is 
not as critical as it is for distributed transmission lines. However, to keep the 




12 



Lumped Elements for RF and Microwave Circuits 



dielectric loss due to fringing fields to a low value, substrate materials with 
small loss tangent values are preferred. For inductors, it is desirable to keep the 
resonant frequency high. For this purpose the interturn capacitance and the 
capacitance between the trace and ground plane may be kept to lower values 
by using low dielectric constant materials. 



1.7 Applications 

Lumped elements are widely used in RF and microwave circuits including 
couplers, filters, power dividers/combiners, impedance transformers, baluns, 
control circuits, mixers, multipliers, oscillators, and amplifiers. Most high-vol- 
ume microwave applications are either served by MICs or MMICs or both used 
together. MMICs have significant benefits over MICs in terms of smaller size, 
lighter weight, improved performance, higher reliability, and, most importantly, 
lower cost in high-volume applications. The emergence of wireless and mobile 
applications along with increased phased- array applications is relentlessly driving 
efforts to reduce MMIC cost. LE-based circuit design using inductors, capacitors, 
and resistors is a key technique for reducing MMIC chip area, resulting in more 
chips per wafer and leading to lower costs. 

Another application of spiral geometry is in printed antennas for wireless 
communication; such structures can result in a small, low-profile, conformal 
antenna [45] . Spiral antennas are very suitable for handsets for mobile communi- 
cation due to their ultrasmall size compared to patch antennas. 

Depending on the frequency of operation, passive components for RF, 
microwave, and millimeter wave applications may be realized using a combina- 
tion of solid-state devices, lumped elements, distributed elements, and quasiopti- 
cal elements. Unless there is a need for special requirements for circuit realization 
in a particular band, commonly used circuit elements in the RF through millime- 
ter wave frequency spectrum are shown in Figure 1.7. 
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Figure 1.7 Realization of passive components using transistors (7“), lumped elements (L, C, 
R), distributed elements (D), and quasioptical elements (O). 
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2.1 Introduction 

Lumped-element design using inductors, capacitors, and resistors is a key tech- 
nique for reducing MMIC chip area resulting in more chips per wafer and thus 
lower cost. Inductors used as circuit components, matching networks, and 
biasing chokes play a significant role in the realization of compact integrated 
chips. Below C-band frequencies, MMICs using lumped inductors are an order 
of magnitude smaller than ICs using distributed matching elements such as 
microstrip lines or coplanar waveguides. 

Inductors can take the form of single or multiple bond wires, wire-bound 
chip inductors, or lumped inductors made using hybrid and MIC fabrication 
technologies. In the low-microwave-frequency monolithic approach, low-loss 
inductors are essential to develop compact low-cost, low-noise amplifiers and 
high-power-added-efficiency amplifiers. Chip inductors are invariably used as 
RF chokes at RF and low microwave frequencies. 

Inductors in MICs are fabricated using standard integrated circuit pro- 
cessing without any additional process steps. The innermost turn of the inductor 
is connected to other circuitry using a wire bond connection in conventional 
hybrid MICs, or through a conductor that passes under airbridges in multilayer 
MIC and MMIC technologies. The width and thickness of the conductor 
determines the current-carrying capacity of the inductor. In MMICs the bottom 
conductor’s thickness is typically 0.5 to 1.0 /im, and the airbridge separates it 
from the upper conductors by 1 .5 to 3.0 /im. In a dielectric crossover technology, 
the separation between the conductor layers may be anywhere between 0.5 and 
3.0 /im. Typical inductance values for MMICs working above L-band are in 
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the range of 0.5 to 20 nH, whereas chip inductors are presently available up 
to 400 nH. 

Three chapters are devoted to inductors; this chapter deals with general 
information on inductors, analytical equations, methods of analysis, measure- 
ment techniques for modeling, and coupling between inductors. Chapters 3 
and 4 deal with printed/monolithic and wire inductors, respectively. 



2.2 Basic Definitions 

First of all we define several terms that we come across in the design and usage 
of inductors [1—8]. 

2.2.1 Inductance 

In electrical circuits, the effect of magnetic energy storage is represented by an 
inductance L, which is defined in terms 

i =H b - 

S 

1 

— /^o B'r ~J 



of magnetic flux iJj by 



\J/ 

ds = j 



H ■ dl 



( 2 . 1 ) 



where 

/ = the current flowing through the conductor in amperes, 

2 

B = magnetic flux density expressed in tesla (T) or weber/m = /j.Qii r H, 
where the magnetic field, H is expressed in amp/m, 

S = surface area enclosed by the loop of wire of length €. 

y 

For perfect conductors fi r = Free-space permeability is /ulq = 4ttX 10 

H/m. 

The current / produces magnetic flux in the area S bound by the loop as 
shown in Figure 2.1. In this case, L is also known as self-inductance. Figure 2.2 
shows the magnetic flux lines in a coil. 

2.2.2 Magnetic Energy 

In an inductor, the magnetic energy is stored as long as the current keeps 
flowing through it and is given by 
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Figure 2.1 Loop wire configuration showing flux area S, current I, and magnetic flux B. 




Figure 2.2 Magnetic flux lines in a coil. 

LI 2 

W m = — ( 2 . 2 ) 

where: 

W m = magnetic energy expressed in Joules (W ■ s = J), W and s designate 
watt and second, respectively; 

L = inductance in henrys (H); 

I = current in amperes (A). 
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2.2.3 Mutual Inductance 

When two conductors carrying current are in proximity, their magnetic flux 
lines interact with each other. If the currents flow in opposite directions, the 
inductance of each conductor is reduced. Currents flowing in the same direction 
increase each conductor’s inductance. The change in an isolated conductor’s 
inductance when in proximity to another conductor is known as their mutual 
inductance. Consider two conductors in parallel; the mutual inductance is defined 
by 



M=L m 




(2.3) 



where 



M = L m = mutual inductance in henrys (H); 

L a = total inductance of the two conductors when the currents flow in 
the same direction; 

L 0 = total inductance of the two conductors when the currents flow in 
the opposite direction. 

If L is the self-inductance of each conductor in the isolated case, then the 
total inductance of each conductor is given by 

L t = L + M (currents flow in the same direction) (2.4) 

= L — M (currents flow in the opposite direction) 



2.2.4 Effective Inductance 

For chip inductors, the nominal inductance value is measured at low frequencies; 
however, the operating frequency range is much higher. Because the inductor 
has associated parasitic capacitance (due to interturn and ground plane effects) 
in parallel with its inductance as shown in Figure 2.3(a), the impedance of the 
inductor (neglecting series resistance) can be written as 



jcoL X 



Z; = 



J^c, 



L - 



jwL 



jcoL + 



1 - mLC„ 



jo)C p 



(2.5a) 



or 




Inductors 



21 



L 




Cp 

(a) (b) 



Figure 2.3 (a) Self-inductance in parallel with parasitic capacitance, (b) Series inductance- 
resistance representation. 



Z i jcoL e 

where 



(2.5b) 



L e 



L 

1 - (colojp) 2 



(2.5c) 



Here (Op (= 1 ) is the parallel resonant frequency. The equivalent 

inductance L e is known as effective inductance, and below the first resonance 
its value is generally greater than the nominal specified value. 



2.2.5 Impedance 

The impedance of an inductor is defined as 

Z L = — = ju>L (2.6) 

where to = 27r/'and / is the operating frequency in hertz (Hz). The preceding 
equation shows that the sinusoidal current in a perfect inductor lags the voltage 
by 90°. 



2.2.6 Time Constant 

When a dc voltage is applied across a series inductor-resistor combination as 
shown in Figure 2.3(b), the time required to charge the inductor to the applied 
voltage is known as the time constant r and is given as 



T = 



L 

R 



(2.7) 



where r, L, and R are expressed in seconds, henries, and ohms, respectively. 
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2.2.7 Quality Factor 

Several different definitions of Q-factors for inductors have been used in the 
literature [9-18]. The most general definition of Q is based on ratio of energy 
stored, Wg, to power dissipated, Pp, in the inductor per cycle; that is 



coW s 



( 2 . 8 ) 



At low frequencies an inductor’s primary reactance is inductive and 



Q = 



1 ,2 
M 2 Li i) 




coL 

~R 



(2.9) 



where z'o is the rms value of the current. When the inductor is used as a resonant 
component close to its self-resonance frequency (SRF) fr es , a more appropriate 
definition of the Q-factor is in terms of its 3-dB bandwidth (BW) is given by 

<2=1 i (2.10) 

A third definition of Q- factor, which has been used for distributed resona- 
tors, is evaluated from the rate of change of input reactance with frequency 
[19, 20]: 



Q = 




2 R 



df 



( 2 . 11 ) 



where X m is the input reactance of the inductor and dX m ldf is determined at 

/res- 
in microwave circuits where the inductors are used far below the self- 
resonance frequency, the degree at which the inductor deviates from an ideal 
component is described by the effective quality factor Q e ff, expressed as [18]: 



Im [Z- m \ X coL e 

^ eff= Re[Z in ] = R = ~R~ 



( 2 . 12 ) 



where Re[Z] n ] and Im [Z- m ] are the real and imaginary parts of the input 
impedance of the inductor, respectively. This definition leads to the unusual 
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condition that Q e ff becomes zero at resonance. Since in RF and microwave 
circuits, for series applications of inductors, the operating frequencies are well 
below the self-resonance frequency, the preceding definition is traditionally 
accepted. 

2.2.8 Self-Resonant Frequency 

The self-resonant frequency (f res ) of an inductor is determined when lm[Z- m ] 
= 0; that is, the inductive reactance and the parasitic capacitive reactance become 
equal and opposite in sign. At this point, Re[-Z; n ] is maximum due to parallel 
resonance and the angle of Z- m changes sign. The inductor’s first resonant 
frequency is of the parallel resonance type. Beyond the resonant frequency, the 
inductor becomes capacitive. 

2.2.9 Maximum Current Rating 

The maximum dc current an inductor can withstand without being destroyed 
(fusing or electromigration) or overheating due to its finite resistance is known 
as the maximum current rating. This maximum current limit depends on the 
conductor material, shape, core material used, surrounding environment, and 
temperature. 

2.2.10 Maximum Power Rating 

The maximum RF power that can be applied safely to an inductor without 
changing its characteristics or destroying it due to heat generated is known as 
the maximum power rating. The maximum power limit depends on the inductor’s 
Q, area/volume, core material used, surrounding environment, and temperature. 
Printed inductors have higher maximum power ratings than air coil inductors. 

2.2.11 Other Parameters 

The reader must consider several other inductor parameters per design require- 
ments. These parameters are as follows: 

Operating temperature range. This is the specified temperature limit within 
which the inductor can be operated safely. Above the specified limits, the 
inductor’s maximum current rating is reduced due to thermal effects as 
well as reliability concerns. 

Temperature coefficient of inductance. This is the amount the inductance 
changes with temperature and is expressed in parts per million per degree 
Celsius (ppm/°C). 
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Saturated RF power limit. Inductors with magnetic cores have a maximum 
RF power level above which they get saturated, resulting in a nonlinear 
response. 



2.3 Inductor Configurations 

Inductors can be realized in one of the following three forms: a small section 
of a strip conductor or a wire [Figure 2.4(a)], a single loop [Figure 2.4(b)], or 
a spiral [Figure 2.4(c)]. The printed microstrip section inductor is used for low 
inductance values, typically less than 2 nFI and often meandered to reduce the 
component’s size. Printed circuit single-loop inductors are not as popular as 
their coil versions due to their limited inductance per unit area. Flowever, in 
MICs, single-loop wire inductors are often used in RF and microwave circuits. 
The spiral/coil type are the most popular type of inductors. The coil inductors 
may be printed or wire wound. Both can take a rectangular or circular shape. 
The circular geometry is superior in electrical performance, whereas the rectangu- 




Figure 2.4 Inductor configurations: (a) bond wire and strip sections, (b) circular and rectangu- 
lar loops, and (c) rectangular and circular spirals. 
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lar shapes are easier to lay out. Printed inductors are fabricated by using thin- 
or thick-film fabrication processes or using monolithic Si and GaAs-based IC 
technologies. The inner connection is pulled out to connect with other circuitry 
through a gold wire or by using a multilevel crossover metal strip. 



2.4 Inductor Models 

Numerous papers have been published in the literature describing lumped 
inductor models. Models can be developed using analytical, physics and EM, 
and measurement-based methods. The analytical/semiempirical models are based 
on three approaches: the lumped-element method [1, 21-26], the microstrip 
coupled-line method, and the mutual inductance method [27]. The lumped- 
element approach uses frequency-independent formulas for free-space induc- 
tance with ground plane effects. These formulas are useful only when the total 
length of the inductor is a small fraction of the operating wavelength and 
when the interturn capacitance can be ignored. In the coupled-line approach 
[28, 29], an inductor is analyzed using multiconductor coupled microstrip lines. 
This technique predicts the spiral inductor’s performance reasonably well for 
up to two turns and frequencies up to 18 GHz. For more than three turns, we 
need to analyze three or more parallel coupled lines. The analytical semiempirical 
models are good for approximating the electrical performance of inductors. 
Accurate characterization of inductors including the effects of radiation, surface 
waves, and interaction between components on the performance of densely 
packed inductors in MMICs can only be calculated using 3-D EM simulators 
[30-35]. 

The most commonly used method of developing models for lumped 
inductors is by measuring dc resistance and 5-parameters [18, 36-40], This 
modeling approach gives quick and accurate results although they are generally 
limited to just the devices measured. Equivalent circuit model parameters are 
extracted by computer optimization, which correlates the measured dc resistance 
and 5-parameter data (one- or two-port data) and are valid up to 26 or 40 
GHz depending on the application. The accuracy of the model parameter values 
can be as good as the measurement accuracy if recently developed on-wafer 
calibration standards and techniques [41] are used. These methods are discussed 
next. 

2.4.1 Analytical Models 

Lumped-element EC models of printed inductors are shown in Figure 2.5. 
Approximate expressions for inductance L, resistance R s , and parasitic capaci- 
tances for microstrip sections, circular loops, and circular coils are given next 

[42], 
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Figure 2.5 EC models: (a) microstrip section and loop and (b) coil. 



2.4.1. 1 Microstrip Section 



I(nH) = 2 x 10 t 



In 



€ \ W+t~ 

WT -UlA93 + ^ r 



K g (2.13a) 



R,m 

C i (pF) 



KR sh e 

2 (W+ t) 

16.67 x 10~ 4 t^e^ e /Z 0 



(2.13b) 

(2.13c) 



where all dimensions are in microns and 



W W 

K g = 0.57 - 0. 145 In -j- , -j- > 0.05 
* h h 

IW\ W 

K = 1.4 + 0.217 In | — |, 5 < — <100 for a ribbon 

W f 

K = 1 + 0.333 ^1 + — ^ for a spiral 



(2.14) 



(2.15a) 

(2.15b) 



The term K g accounts for the presence of a ground plane and decreases 
as the ground plane is brought nearer. Another term K is a correction factor 
that takes into account the crowding of the current at the corners of the 
conductor. The terms W, t, h, f, and R s f, are the line width, line thickness, 
substrate thickness, length of the section, and sheet resistance per square of the 
conductor, respectively. The calculation of microstrip parameters Zq and e re 
are presented in Chapter 14. 



Inductors 



27 



2.4.1. 2 Circular Loop 



L (nH) = 1.257 X 10 3 a 



R s (ft) = 
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KRsh 

W+t™ 




(2.16b) 


1 0 -4 77 ra sj € re /Z 0 
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where a is the mean radius of the loop. 
2.4.1.3 Circular Spiral 



L (nH) = 0.03937 



2 2 
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8 u + 11c 
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(2.17a) 
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W 
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(2.17b) 

(2.17c) 



where n is the number of turns, D t is the inductor’s inside diameter, D 0 is the 
inductor’s outside diameter, and S is the spacing between the turns. The effect 
of ground plane on the inductance value can be reduced by keeping S < W 
and S « h. 

A more general expression for inductance of arbitrary shape has been 
reported in the literature [43, 44] and reproduced as follows: 



/xq n ft av C! 2-i 

L = [In (c 2 /p) + c 3 p+ c 4 p ] 



(2.18) 



where coefficients c t for various geometries are given in Table 2.1, p is the fill 
ratio, and Z) av is the average diameter of the inductor. Their expressions are 
given here: 



Dp ~ Dj 

D 0 + ft/' 



(2.19a) 
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Table 2.1 

Coefficients for General Inductance Expression [43] 



Inductor Geometry 


Cl 


02 


C3 


c 4 


Square 


1.27 


2.07 


0.18 


0.13 


Hexagonal 


1.09 


2.23 


0.00 


0.17 


Octagonal 


1.07 


2.29 


0.00 


0.19 


Circle 


1.00 


2.46 


0.00 


0.20 



- 2 + Dj) 



(2.19b) 



2.4.2 Coupled-Line Approach 

A 2-turn spiral microstrip inductor with opposite sides appropriately connected 
as shown in Figure 2.6 may be treated as a coupled-line section. This figure 
shows 2-turn circular and rectangular spiral inductors and 1.75-turn rectangular 
spiral inductor with connecting single line section and the feed lines represented 
between nodes 1 and 2 and between nodes 4 and 5. In the 2-turn case, the 
parallel coupled line section, which has a total line length equivalent to the 
spiral length between nodes 2 and 4, is represented between nodes 2, 3, and 
4 and constitutes the intrinsic inductor. The length is taken as the average of 
the outer and inner turn lengths. In the 1.75-turn inductor, an additional single 
line between nodes 3 and 4 is connected, whereas the coupled line is between 
nodes 2 and 3. 

The electrical equivalent coupled-line model shown in Figure 2.6 does 
not include the crossover capacitance or the right-angle bend discontinuity 
effects. Figure 2.7 shows a modified equivalent circuit of a 1.75-turn rectangular 
spiral inductor that also includes the crossover capacitance. This figure also 
shows the physical and electrical parameters of the inductor. Figure 2.8 shows 
a further subdivision of the inductor, which is required to evaluate its perfor- 
mance more accurately. In this case the inductor is split into three sections 
representing elements 1, 2, and 3. The performance of these inductors can be 
calculated by using either commercial CAD tools or by solving cascaded ABCD 
or 5-parameter matrices for these elements. Improved versions of these inductors 
include chamfered bends. 

The electrical characteristics of the intrinsic 2-turn inductor can be derived 
from the general four-port network of a coupled-line section as shown in Figure 
2.9 where the current and voltage relationships of the pair of lines can be 
described by the admittance matrix equation as follows: 
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(b) 




6 (c) 

Figure 2.6 Spiral inductors and their coupled-line EC models: (a) circular 2 turns, (b) rectangu- 
lar 2 turns, and (c) rectangular 1.75 turns. 
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( 2 . 20 ) 



30 



Lumped Elements for RF and Microwave Circuits 




10 micron Wide lines 

10 micron Space 

175 micron Above ground plane 

(a) 

Z 0e = 165Q 
Z 0o = 42Q 
v e = 0.35c 
v 0 = 0.365c 



© h- l H@h — 2L — H © 




(b) 



Figure 2.7 Rectangular 1.75-turn spiral inductor: (a) physical layout and (b) coupled-line EC 
model. 
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Element (1) 
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Element (2) 



Element (3) 









Figure 2.8 The network model for calculating the inductance of a planar rectangular spiral 
inductor. 




Figure 2.9 A four-port representation of the coupled-line section of an inductor. 



This matrix can be reduced to two ports by applying the boundary condi- 
tion that ports 2 and 4 are connected together: 



V 2 = K 4 (2.21a) 

h = -h (2.21b) 

By rearranging the matrix elements, the two-port matrix can be written 
as follows: 



~h 
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Y \3 
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- Y i\ 
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( 2 . 22 ) 



where 
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y, _ Y _ ©12 + T l4 ) (Y 2 1 + T 4l ) 
11 11 *22 + *24 + *42 + *44 

^ (*^12 + T l4 ) (*23 + © 3 ) 

13 B *22 + *24 + *42 + *44 



and 



*33 - *11 
*31 = *13 



(2.23) 

(2.24) 



(2.25) 

(2.26) 



due to symmetry. 

The admittance parameters for a coupled microstrip line are given by [45] 

Til = T 22 = T 33 = T 44 = -j [Y Qe cot 6 e + Y 0o cot 0 O ]1 2 (2.27a) 

T 12 = Yu = T 34 = T 43 = -j[Y 0e cot 0 e - Y 0o cot 0 O ]I2 (2.27b) 

T 13 = T 31 = T 24 = T 42 = j[Y 0e esc d e - Y 0o esc d 0 \l 2 (2.27c) 

T 14 = T 41 = F 23 = T 32 = j[Y 0e esc d e + Y 0o esc 0 o ]/2 (2.27 d) 

where e and 0 designate the even mode and the odd mode, respectively. 

An equivalent “pi” representation of a two-port network is shown in 
Figure 2.10 where 



and 



Y A = ~Y{ 3 (2.28) 

Y b = *n + Y { 3 (2.29) 







© 



Figure 2.10 Pi EC representation of the inductor. 
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Y A = ~j 2 { Y 0e cot d e + Y 0o cot 6 o 



(2.30) 



+ ■ 



(\ - COS 0 e \ ' „ /I + COS 8 0 
Y °‘ ( sin 8 e ) + Y °° ( smd 0 




( \ - cos e e \ ( l + cos 

0<? ^ sin 8 e J Oo y sin 6 t 



Y 2jY 0e Y 0o g - cos 8 e ){\ + cos fl 0 ) 

S [Yq 0 sin 8 e { 1 + cos 8 0 ) — Y$ e sin 8 0 ( 1 — cos 8 e )] 



(2.31) 



Because the physical length of the inductor is much less than A/4, sin 
8 e>0 = 8 Ci0 and cos 8 e<0 = 1 — 8^ 0 I2. Also Yq 0 > Y$ e -, therefore, (2.30) and 
(2.31) are approximated as follows: 



(2.32) 

Y B = jY 0e 8 e (2.33) 

which are independent of the odd mode. Thus the “pi” EC consists of shunt 
capacitance C and series inductance L as shown in Figure 2.11. The expressions 
for L and C can be written as follows: 



Ya 



1 _ .Y 0e 
jooL ^ 2 6 e 



or 



L = 



2 8 e 

OJYq, 



(2.34) 
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Figure 2.11 Equivalent LC circuit representation of the inductor. 
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and 



Y B = jcoC= jY 0e 6 e 



or 



jjpf &e 

CO 



If £ is the average length of the conductor, then 




(2.36) 



(2.37) 



(2.38) 



where c is the velocity of light in free-space and e ree is the effective dielectric 
constant for the even mode. When Z$ e = 1 IY^ e , from (2.35) and (2.37), 



L = 




£~\j ^ree 



(2.39) 

(2.40) 



In a loosely coupled inductor, Z§ e = Zq and e m = e re for the single 
conductor microstrip line. The above equations can be used to evaluate approxi- 
mately the inductor’s performance. 



2.4.3 Mutual Inductance Approach 

Greenhouse [27] has provided expressions for inductance for both rectangular 
and circular geometries based on self-inductance of inductor sections and mutual 
inductances between sections. These relations are also known as Greenhouse 
formulas for spiral inductors. Consider a 10-section rectangular inductor like 
the one shown in Figure 2.12(a). Let all sections have line width W, separation 
between sections S, mean distance between conductors d, and thickness t. The 
total inductance of the coil is the sum of self-inductance of all 10 sections or 
segments and the mutual inductance between sections, assuming the total length 
is much less than the operating wavelength so that the magnitude and phase 
of the currents across the length of the inductor are constant. Two sections 
carrying currents in the same direction have positive mutual inductance, whereas 
the inductance is negative for currents flowing in opposite directions. Figure 
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Figure 2.12 (a) Ten-section rectangular spiral inductor showing positive and negative mutual 
inductance paths, (b) Lengths for an adjacent sections pair. 
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2.13 shows the magnetic flux lines for positive and negative mutual inductance. 
Because the magnitude and phase of the currents are assumed identical in all 
sections, the mutual inductance between sections a and b is M a ^ — My a . The 
total inductance of 10 sections and a 2.5-turn inductor can be written: 



L - L\ + L 2 + . . . + L to 

(self inductance) 

-T 2 (Afj 5 + M 2 6 df 3 7 + 8 "h Af^ 9 -T A/^ io d~ Af} 9 d - b\d 2 iq) 

(positive mutual inductance) 

— 2 (Afj -j + Af j ^ d- M 2 g + M 2 4 + Af^ 9 d- Af 3 9 + A/4 jq d- A/^4 ^ 

+ -^5,7 + f^ 6,8 + f^ 7,9 + -^8,10) 

(negative mutual inductance) 

( 2 . 41 ) 





Figure 2.13 Magnetic flux lines: (a) positive mutual inductance case and (b) negative mutual 
inductance case. 
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The preceding equation is generalized as follows: 
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(2.42) 



where m is the number of sections, n is the number of complete turns, and a 
maximum value of i + 4n is m. For example, for a 2.5-turn inductor, n = 2, 
m = 10, and the total positive and negative mutual inductance terms are 16 
and 24, respectively. The total of positive mutual inductance terms M + is given 
by 



M + = 4[n(n — 1)] +2 n\m — 4n\ (2.43a) 



is 



Similarly, for total negative mutual inductance terms M_ the expression 



2 

M_ = 4n + 2n (m — 4n) + {m — 4n — 2) (m — 4n — 1) \{m — 4n)t 3] 

(2.43b) 

Although M _ is larger than M + , their contribution to the total inductance 
value is much less due to much larger spacing. As a first-order approximation, 
only mutual inductances between adjacent sections may be included. 

Next, the self- and mutual inductances can be calculated from the inductor 
geometry. The self-inductance of each section of straight length t t can be 
calculated by using (2.13a), where K^= The mutual inductance is calculated 
approximately using 



M 



a,b 



= 2x10 






dr 

e e 

(2.44) 



where i e is the effective length of the two sections between which the mutual 
inductance is being calculated. Dimensions of i e and d are in microns and 
M a j) is in nanohenries. As an approximation f can be considered an average 
length for the two sections shown in Figure 2.12(b). 



2.4.4 Numerical Approach 

The analytical methods just described provide a quick way to determine the 
inductor dimensions required for a particular design. However, inductor charac- 
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terization at high frequencies is generally not adequate to design a circuit 
accurately. Numerical methods, implemented in EM simulators, on the other 
hand, simulate inductors adequately and also provide additional flexibility in 
terms of layout, complexity (i.e., 2-D or 3-D configuration) and versatility. 
EM simulations automatically incorporate junction discontinuities, airbridge 
or crossover effects, substrate effects (thickness and dielectric constant), strip 
thickness, and dispersion and higher order modes effects. Several different field 
solver methods have been used to analyze inductors as described in the literature 
[46, 47]. The most commonly used technique for planar structures is the method 
of moments (MoM), and for 3-D structures, th c finite element method (FEM) 
is usually used. Both of these techniques perform EM analysis in the frequency 
domain. FEM can analyze more complex structures than can MoM, but requires 
much more memory and longer computation time. There are also several time- 
domain analysis techniques; among them are the transmission- line matrix method 
(TLM) and the finite-difference time-domain (FDTD) method. Fast Fourier 
transformation is used to convert time-domain data into frequency-domain 
results. Typically, a single time-domain analysis yields 5-parameters over a wide 
frequency range. An overview of commercially available EM simulators is given 
in Table 2.2. More comprehensive information on these tools can be found in 
recent publications [48, 49]. 



Table 2.2 

An Overview of Some Electromagnetic Simulators Being Used for MMICs 



Company 


Software 

Name 


Type of 
Structure 


Method of 
Analysis 


Domain of 
Analysis 


Agilent 


Momentum 

HFSS 


3-D planar 
3-D arbitrary 


FEM 


Frequency 


Sonnet Software 


Em 


3-D planar 


MoM 


Frequency 


Jansen Microwave 


Unisim 

SFMIC 


3-D planar 
3-D planar 


Spectral domain 
MoM 


Frequency 


Ansoft Corporation 


Maxwell-Strata 
Maxwell SI 
Eminence 


3-D planar 
3-D arbitrary 


MoM 

FEM 


Frequency 


MacNeal- 
Schwendler Corp. 


MSC/EMAS 


3-D arbitrary 


FEM 


Frequency 


Zeland Software 


IE3-D 


3-D arbitrary 


MoM 


Frequency 


Kimberly 

Communications 

Consultants 


Micro-Stripes 


3-D arbitrary 


TLM 


Time 


Remco 


XFDTD 


3-D Arbitrary 


FDTD 


Time 
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In EM simulators. Maxwell’s equations are solved in terms of electric and 
magnetic fields or current densities, which are in the form of integrodifferential 
equations, by applying boundary conditions. Once the structure is analyzed 
and laid out, the input ports are excited by known sources (fields or currents), 
and the EM simulator solves numerically the integrodifferential equations to 
determine unknown fields or induced current densities. The numerical methods 
involve discretizing (meshing) the unknown fields or currents. Using FEMs, 
six field components (three electric and three magnetic) in an enclosed 3-D 
space are determined while MoMs give the current distribution on the surface 
of metallic structures. 

All EM simulators are designed to solve arbitrarily shaped strip conductor 
structures and provide simulated data in the form of single or multiport 
5-parameters that can be read into a circuit simulator. To perform an EM 
simulation, the structure to be simulated is defined in terms of dielectric and 
metal layers and their thicknesses and material properties. After creating the 
complete circuit/structure, ports are defined and the layout file is saved as an 
input file for EM simulations. Then the EM simulation engine is used to 
perform an electromagnetic analysis. After the simulation is complete, the field 
or current information is converted into S-parameters and saved to be used 
with other CAD tools. 

EM simulators, although widely used, still cannot handle complex struc- 
tures such as an inductor efficiently due to its narrow conductor dimensions, 
large size, and 3-D geometry. One has to compromise among size, speed, and 
accuracy. Simulators lead to accurate calculation of inductance and resonant 
frequencies but not the Q-factor. 

2.4.5 Measurement-Based Model 

The advantages of a measurement-based model include accuracy and the ease 
with which it can be integrated into RF circuit simulators to perform linear 
simulation in the frequency domain. The accuracy of measurement-based models 
depends on the accuracy of the measurement system, calibration techniques, 
and calibration standards. On-wafer measurements using high-frequency probes 
provide accurate, quick, nondestructive, and repeatable results up to millimeter- 
wave frequencies. Various vector network analyzer calibration techniques are 
being used to determine a two-port error model that de-embeds the device 
5-parameters. The conventional short, open, load, and through (SOLT) calibration 
technique has been proven unsatisfactory because the open and short reference 
planes cannot be precisely defined. Unfortunately, another calibration technique, 
through-short-delay (TSD) also relies on either a short or open standard. The 
reference plane uncertainties for the perfect short limit the accuracy of these 
techniques. However, these techniques work fine for low frequencies. 
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The line-reflect-match (LRM) calibration technique requires a perfect match 
on each port. The thru-reflect-line (TRL) calibration method is based on transmis- 
sion-line calibration standards which include a nonzero length thru, a reflect 
(open or short), and delay line standards (one or more dictated by the frequency 
range over which the calibration is performed). The advantage of TRL calibration 
lies in the fact that it uses simple standards that can be placed on the same 
substrate as the components to be measured, thus ensuring a common transmis- 
sion medium. This calibration technique accurately locates the reference planes 
and minimizes radiative crosstalk effects between the two probes since they are 
sufficiently far apart during the calibration procedure. 

The TRL calibration technique accurately de-embeds passive circuit ele- 
ments by measuring the 5-parameters at the reference planes as shown in Figure 
2.14. Typically, passive circuit elements are embedded in 50-ft lines (88 /im 
wide) on a 125-/zm-thick GaAs substrate 500 /im long. These microstrip lines 
have 50ft grounded coplanar waveguide transitions at each end for on-wafer 
probing as shown in Figure 2.14. Figure 2.15 illustrates the calibration standards 
on a 125-/xm-thick substrate for de-embedding the two-port elements. The 
reference plane in the thru line is located at the center. The length of the thru 
line (1,000 /x m) is chosen to be as short as possible but long enough to avoid 
interaction between the probes. The electrical length of the delay line chosen 
is approximately 20° of insertion phase at the lowest frequency and less than 
160° at the highest frequency. Measurement uncertainties increase significantly 
when the insertion phase of the delay line nears 0 degrees or an integer multiple 
of 180°. A via hole short is used as the “reflect” standard. Because one delay 
standard covers an 8:1 frequency span, two delay line standards are included 
on the wafer to cover the 1.5- to 26-GHz frequency range. The two delay lines 
are 10,600 and 1,460 /im long with an associated time delay of about 102.0 
ps (at 2.5 GITz) and 14.1 ps (at 18 GFIz), respectively. These time delay values 
include frequency dispersion effects. 




Figure 2.14 The TRL calibration accurately de-embeds the inductor at the reference planes. 
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Figure 2.15 On-wafer TRL calibration standards include a thru, reflect provided by a via hole 
and delay lines. 



Many components have low impedances, so their accurate characterization 
is difficult by measuring their 5-parameters in a 50-0 system. In such cases, 
TRL standards and de-embedding lines must have a much lower characteristic 
impedance than 500. Gross and Weller [50] used 3-0 and 7-0 TRL de- 
embedding system impedances to determine an air core inductor’s low series 
resistance. The RF probable TRL standards in a 30 system are shown in Figure 
2.16(a). Because the measurement system and RF probes have 500 impedance, 
the TRL standards employ broadband taper line transformers between the probe 
launcher and the thru, reflect, and delay lines, which have 30 characteristic 
impedance. Figure 2.16(b) shows a taper line transformer and half thru line 
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(a) 




A 



27.4 mm 






*1 



Figure 2.16 (a) TRL calibration standards for the 3-tl reference impedance system, (b) Micro- 
strip line geometry to match 3-fl impedance to 50-tl probe impedance, where 
e r = 10.2 and h = 0.635 mm. 



with dimensions on copper clad Arlon substrate with e r = 10.2 and h = 0.635 
mm. 

To extract device model parameters, one can use either the direct method 
or the indirect method, as discussed next. 

2.4.5.1 Direct Method 

An accurate model of an inductor can be developed by making 5-parameter 
measurements in a series configuration as shown in Figure 2.17(a). The 
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Figure 2.17 (a-c) Three simplified EC models of an inductor. 



5-parameter measurements are made in a 50ft microstrip system. The inductors 
are printed between 50ft TRL microstrip lines (Figure 2.14) and the substrate 
could be alumina, low-temperature cofired ceramic (LTCC), FR-4, GaAs, or 
Si depending on the technology being used. In case of chip inductors, they are 
mounted across 50ft microstrip lines. The device’s 5-parameter data are de- 
embedded using TRL standards on the same substrate. The maximum frequency 
of measurement must be well beyond the first resonance. A simplified equivalent 
circuit to predict accurately the inductance, Q and the first resonance frequency 
is shown in Figure 2.17(b). 

The 5-matrix of Figure 2.17(b) is given by 



Here, 
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where 
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ooj = 1 !LC p (2.46d) 

If 521,- and Sju are the real and imaginary parts of 52 1 , then by equating 
real and real parts of (2.46b), 
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(2.47a) 



(2.47b) 



The value of Cp is determined using (2.46d) from the first resonance 
frequency. At first resonance (Op, the angle of 52 1 = 0. Thus, the inductor EC 
model parameters are determined from (2.46) and (2.47) or they may be 
extracted by computer optimization. Normally, the computer optimization 
technique is used because it also helps to fit more complex EC models for 
devices that will also predict higher order resonances. Such models are discussed 
in the next chapter. 

2.4.5.2 Indirect Method 

The inductance value and Q-factor of an inductor can be determined by connect- 
ing externally a known capacitor to the inductor and measuring the first resonant 
frequency of the LC resonator. In this method, one can use the device under 
test (DUT) in series or in parallel as shown in Figure 2.18. In this method the 
Q of the externally added capacitor at the resonant frequency is much larger 
than the Q of the DUT. These capacitors have negligible parasitics (or they are 
accounted for) and their values are selected so that the first resonant frequency 
of the LC network is several times lower than the estimated first self-resonant 
frequency of the inductor. Devices are then characterized by making one-port 
5-parameter measurements at the input of the DUT. 

2.4.5.3 Series Capacitor 

In this case, the capacitor’s bottom plate is grounded and the inductor is 
connected in series with the top plate. The EC model for a series resonator is 
shown in Figure 2.18(a). When C\ » Cp, at the first series resonance, 

L=\ l{C x co 2 x ) (2.48) 



where uq = 2 irf\ . From the 3-dB bandwidth BW, Q is calculated: 



Q = 



A. 

BW 



CO i L 



(2.49a) 
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Figure 2.18 One-port LC resonator schematics and EC models: (a) series and (b) parallel. 



or 



R s = (2-49b) 

2.4.5.4 Parallel Capacitor 

In the parallel resonator case, two capacitors C\ and C 2 are used [51]. The 
capacitance values are within about 25% of each other. The EC model is 
shown in Figure 2.18(b). With each capacitor, the input return loss of the LC 
combination is measured. The input impedance can be written as 



•^in R'm jX in 



R + jcoL{\ — co 2 LC t ) — jR 2 coC t 
[1 — co LC t \ + [RcoCf\ 



(2.50) 



where C t = Cp + Cp 2 - At resonance X m = 0 and the resonant frequencies are 
given by 




1 

(2ttL) 2 




(2.51) 



where C t \ t 2 = Cp + Cp 2 - From (2.51) 
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(2.52) 



Ignoring the effect of R s , as coL » R s 
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From (2.51) an average value of R s is given by 
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(2.54) 



2.5 Coupling Between Inductors 

When two inductors are placed in proximity to each other, their EM fields 
interact and a fraction of the power present on the primary or main inductor 
is coupled to the secondary inductor. In this case, the coupling between the 
electromagnetic fields is known as parasitic coupling. Parasitic coupling affects 
the electrical performance of the circuit in several ways. It may change the 
frequency response in terms of frequency range and bandwidth, and it may 
degrade the gain/insertion loss and its flatness, input and output VSWR, and 
many other characteristics including output power, power added efficiency, and 
noise figure depending on the type of circuit. The coupling can also result in 
instability of an amplifier circuit or create feedback that results in a peak or a 
dip in the measured gain response or make a substantial change in the response 
of a phase shifter. In general, this parasitic coupling is undesirable and is an 
impediment to obtaining an optimum solution in a circuit design. However, 
this coupling can be taken into account in the design phase by using empirical 
equations, by performing EM simulations, or by reducing it to an acceptable 
level by maintaining a large separation between the inductors. 

The coupling between two closely placed inductors depends on several 
factors, including separation between the inductors, size of each inductor and 
its orientation, resistivity of the substrate on which they are printed, substrate 
thickness, and the frequency of operation [52-55]. 

2.5.1 Low-Resistivity Substrates 

Figure 2.19(a) shows the measured S 21 response representing the coupling 
between two inductors as a function of distance D between them. Each inductor 
has an inside diameter of 60 /im, outside diameter of about 275 /xm, 8 turns, 
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(a) 




Figure 2.19 (a) Measured S21 response for two adjacent inductors versus frequency for three 
different separations, (b) Measured S21 response for two adjacent inductors 
versus distance between them for three values of Si resistivity. 



and total inductance of 13 nH. Both inductors were printed on 2 kO-cm 
resistivity Si substrate with a thickness of about 650 /x m. Increasing the separa- 
tion from 5 to 50 jul m reduces the coupling by about 10 dB. Figure 2.19(b) 
shows 52i as a function of substrate D at 2 GHz, for three values of substrate 
resistivity. As the resistivity is reduced, the substrate conductivity increases, 
resulting in larger coupling between the inductors. 

2.5.2 High-Resistivity Substrates 

Coupling effects between two coplanar inductors as shown in Figure 2.20 were 
also investigated for three different orientations using the FDTD method. Each 
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Figure 2.20 (a-c) Three different orientations of rectangular inductors in proximity, (d) Simu- 
lated and measured coupling coefficient versus frequency. (From: [52], © 1997 
IEEE. Reprinted with permission.) 



square spiral inductor has a 10-/um conductor width, 10-^tm spacing between 
conductors, 3-yUm-thick conductors, and about a 200-/xm outer diameter. The 
spacing between the inductors was 60 /tm and they were fabricated on a 
GaAs substrate. The inductor conductor patterns were elevated above the GaAs 
substrate using airbridges to reduce the parasitic capacitance. (See Chapter 10 
for more detail on this subject.). The ground planes in the coplanar waveguide 
feedlines were connected using airbridges to suppress the coupled slotline mode. 
Figure 2.20(a-c) shows the three possible configurations, and Figure 2.20(d) 
shows the simulated coupling between ports 3 and 1, while the other two ports 
were terminated in 50ft. As reported by Werthen et al. [52], coupling between 
ports 3 and 1 is slightly higher than between ports 4 and 1. Measured coupling 
in the case of configuration (a) is also shown in this figure for comparison. 

Coupling between inductors on a 75-/xm-thick GaAs substrate has been 
described by Bahl [55]. For a given inductance value and distance between two 
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spiral inductors, the coupling between the circular spirals shown in Figure 
2.21 (a) is lower than for the rectangular spirals shown in Figure 2.21 (b), because 
of the larger average coupling distance. Figure 2.22 shows the coupling coefficient 
between ports 3 and 1 as a function of frequency for 0.8-nff circular and 
rectangular inductors placed 20 j± m apart. Dimensions for the circular inductors 
are as follows: line width W = 12 /tm, line spacing 5=8 jam, inner diameter 
Di = 50 /im, and number of turns n = 2.5. The rectangular inductor has the 
same dimensions, except it has 1 1 sections. Ffere all ports are terminated in 
50fl. The coupling between ports 3 and 1 is slightly higher than between ports 
4 and 1. 

Coupling effects between two circular spiral inductors in three different 
possible orientations, shown in Figure 2.21, were also investigated [55]. Each 
inductor has a 12-/xm conductor width, 8-/tm spacing, 4.5-yttm-thick conduc- 
tors, and 50-/xm inner diameter. The separation between the inductors varied 
from 20 to 200 jam. Figure 2.23 shows the simulated coupling between ports 
3 and 1, when the other two ports were terminated in 50fl, for 20 - jam spacing 
as a function of frequency. Among all three configurations, coupling between 
ports 3 and 1 is slightly higher than between ports 4 and 1 . The configurations 
shown in Figure 2.2 1 (c, d) result in the largest and smallest coupling, respectively. 
The difference between these two configurations is about 10 dB. Thus, the 
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(c) 



(d) 



Figure 2.21 (a-d) Several configurations of inductors in proximity. 
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Figure 2.22 Comparison of coupling coefficient versus frequency for circular and rectangular 
0.8-nH spiral inductors having similar areas, with D = 20 yim. 




Figure 2.23 Coupling between circular inductors for the three different orientations shown 
in Figure 2.21, with D = 20 yim. 



orientations of the inductor coils significantly affect the parasitic coupling 
between the two. Similar results have been reported for rectangular spiral induc- 
tors [52] as discussed earlier. Therefore, in the layout of such inductors, extra 
care must be exercised to minimize the parasitic coupling. Figure 2.24 shows 
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Figure 2.24 Coupling between inductors shown in Figure 2.21(a) for various separations. 



the coupling at 10 GHz as a function of separation between the inductors. As 
distance increases, the coupling decreases monotonically. Table 2.3 summarizes 
the effect of inductor B on the input impedance of inductor A . The coupling 
effect is less than 1% for inductors having reactance of about 50 H and separated 
by 20 /xm on a 75-/zm-thick GaAs substrate. 

2.6 Electrical Representations 

2.6.1 Series and Parallel Representations 

When n inductors (having inductance values L\, L 2 , are connected 

in parallel, the total inductance L j is given by 



Table 2.3 

Percentage Change in Input Impedance (Z m ) of Inductor Due to Another Inductor’s 
Proximity, with D = 20 yim 



Re[AZj„] 11 (%) lm[AZj„] il (%) 



Inductor Conf. 


@ 10 GHz 


@ 20 GHz 


@ 10 GHz 


@ 20 GHz 


Figure 2.21(a) 


0.9 


2.7 


-0.02 


0.6 


Figure 2.21(c) 


14.6 


17.6 


-0.06 


-0.65 


Figure 2.21(d) 


0.4 


2.7 


-0.06 


0.62 
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1 

T 1 !L\ + \!L 2 + • • • l/-£ w 



(2.55) 



and its value is always less than the value of the smallest inductor. To increase 
the inductance value, the inductors are connected in series. In this case, the 
total inductance is written as 



Lj- - L\ + L 2 + . . . L n (2.56) 

where Lj is larger than the largest value of the inductor. Impedance, admittance, 
and transmission phase angle formulas for various combinations of inductors 
are given in Table 2.4. 

2.6.2 Network Representations 

At RF and the lower end of the microwave frequency band, the inductor can 
be represented by its inductance value L . If Zq is the characteristic impedance 
of the lines across which the inductor is connected, the ABCD, 5-parameter, 
Y- and Z-matrices for an inductor L connected in series and shunt configurations 
are given in Table 2.5, where co is the operating frequency in radians per second. 
When resistance and parasitic capacitances are included in the inductor model, 
as shown in Figure 2.17(b, c), the results in Table 2.5 can be used by replacing 

jcoL with Z i for series configuration and — by Y / in shunt con- 
figuration. Zi and Y i are impedance and admittance for the model in Figure 
2.17(b, c). 

The discussion on inductors is continued in Chapters 3 and 4, where 
printed and wire inductors are described, respectively. 



Table 2.4 

Impedance, Admittance, and Transmission Phase Angle Representations of Inductors, 

with /? = 0 
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Table 2.5 

ABCD, 5-Parameter, Y- and Z-Matrices for Ideal Lumped Inductors 



ABCD S-Parameter 

Matrix Matrix K-Matrix Z-Matrix 
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3 

Printed Inductors 



Planar inductors can be classified into two-dimensional and three-dimensional 
structures. Two-dimensional inductors are further grouped into four categories 
based on their shape, that is, meander, rectangular, hexagonal, or octagonal and 
circular as shown in Figure 3.1. Table 3.1 summarizes the major advantages 
and disadvantages of each shape. The circular geometry has the best electrical 
performance, whereas meander line inductors are seldom used. Three-dimen- 
sional inductor topologies are shown in Figure 3.2 and their major advantages 
and disadvantages are summarized in Table 3.2. 

In this chapter we discuss planar inductors on semiconductor substrates 
such as Si and GaAs, on printed circuit boards, and on hybrid integrated circuit 
substrates. Silicon is a potential candidate for RFICs, and GaAs is widely 
used for MMICs. Standard silicon substrates have low resistivity and Si-based 
technologies use thin metallization layers that give rise to high substrate and 
conductor losses. In comparison, GaAs substrates are semi-insulating (having 
very high resistivity), and GaAs-based technologies use thick electroplated gold 
interconnects. GaAs passive components have low capacitive and conductor 
losses. Several different techniques in both these technologies are employed to 
reduce losses in order to enhance the quality factor of inductors. 

Low-cost wireless applications require integration of more circuit compo- 
nents using multichip modules (MCMs). At RF, organic substrate-based MCM 
technology using a standard FR-4 board is another viable approach to develop 
low-cost integrated solutions by printing inductors on the same substrate. Several 
hybrid integrated technologies are being pursued to integrate inductors along 
with other passive components into a MCM substrate. These include thin film, 
thick film, and LTCC; and are suitable for high-quality, low-cost, and compact, 
high-performance inductors, respectively. 
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Rectangular 




Figure 3.1 Two-dimensional inductor types: (a) meander, (b) rectangular, (c) circular, and (d) 
octagonal. 



Table 3.1 

Two-Dimensional Inductor Configurations and Their Features 



Configuration 


Advantage 


Disadvantage 


Meander line 


Lower eddy current resistance 


Lowest inductance and SRF 


Rectangular 


Easy layout 


Lower SRF 


Octagonal 


Higher SRF 


Difficult layout 


Circular 


Highest SRF 


Difficult layout 



3.1 Inductors on Si Substrate 

RF monolithic ICs are being developed using Si employing CMOS, BiCMOS, 
and SiGe-HBT technologies in order to take advantage of mature Si processes and 
low-cost potential. One of the major disadvantages of standard Si technologies is 
the high substrate losses due to much lower substrate resistivity (less than 
10 3 fi-cm) compared to GaAs substrate (10 7 fl-cm). Fiigh-density CMOS 
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Helical inductor 




Micromachined 
solenoid inductor 




Figure 3.2 Three-dimensional inductor types. 



Table 3.2 

Three-Dimensional Inductor Topologies and Their Features 



Configuration 


Advantage 


Disadvantage 


Rectangular and circular 


Higher inductance 


Lower SRF 


Solenoidal or lateral 


Lower eddy current resistance 


Lower inductance 


Helical 


Higher SRF 


Lower inductance 



technology uses highly doped substrates with resistivity of the order of 0.01 
fl-cm, while in the case of BiCMOS, the nominal resistivity value is about 
10 fl-cm. Thus, spiral inductors and transmission-line sections fabricated on 
Si substrates have much lower Q-values than their counterparts on GaAs sub- 
strates. In this section, we discuss the characteristics of Si-based inductors 
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including Q-enhancement techniques, stacked inductors, and other various 
configurations. 

Extensive work on Si-based inductors was conducted during the 1990s 
and a partial list of references is provided here [1-60], Because Si technologies 
use a large variety of Si substrate resistivity values (i.e., 0.01-100 fl-cm), the 
design of coil inductors becomes quite complex. The selection of physical 
dimensions, such as the number of turns (»), the trace width ( W ), the trace 
thickness (?), line spacing (5), and the inner diameter (D;) as shown in Figure 
3.3(a), determines the excitation of eddy currents responsible for extra loss in 
the conductor as well as in the Si substrate. It is important to discuss first the 
excitation of eddy currents and then describe the design of inductors on Si 
substrates. The loss in an inductor can be divided into two components; conduc- 
tor loss and substrate loss. These losses are discussed next. 

3.1.1 Conductor Loss 

The conductor loss in an inductor is proportional to its series resistance. At 
low frequencies, the series resistance can be calculated from the conductor sheet 
resistance multiplied by the number of squares of the conductor. However, at 
microwave frequencies, the series resistance becomes a complex function due 
to the skin effect and magnetically induced currents (eddy currents). The series 
resistance increases significantly at higher frequencies due to eddy currents. 
Eddy currents produce nonuniform current flow in the inner portion of spiral 
inductors, with much higher current density on the inner side of the conductor 
than on the outer side. These two components of conductor loss are briefly 
discussed in the following sections. 

3. 1.1.1 Sheet Resistance 

The dc sheet resistance of a spiral coil can be reduced by using a thicker 
metallization. Several available thin metal layers can be connected or shunted 
together through via holes to realize a thick metal layer or a thicker plated 
conductor can be used. Alternatively, high-conductivity conductors such as 
copper or gold can be used instead of the aluminum commonly used in Si 
technologies. Advanced Si technologies (both Si CMOS and SiGe BiCMOS) 
now have a very thick (at least several microns thick) copper interconnect layer 
as the last metal. Inductor Qs approaching those typically found on semi- 
insulating substrates have been achieved. Use of inductors in the copper metal 
layer have replaced the use of “strapping” multiple thin aluminum layers together 
to synthesize effectively thicker metal in RFICs. 

At low frequencies, the total dc resistance of the coil is given by 

€ 

Wta 



r Ac = 



(3.1) 
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Figure 3.3 (a) A 3.5-turn circular inductor with dimensions, (b) Excitation and eddy currents, 
and fields in a coil. / co j| is the excitation current. 



where W is the width, t is the thickness, f is the total length of the conductor 
strip in the coil, and a is the conductivity of the conductor material. At high 
frequencies, the above equation is modified and given as 



Wa8{\ - e~ tlS ) 



( 3 . 2 ) 
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where <5 is the skin depth given by 




where /x is the magnetic permeability of the material. Because Si technologies 
use thin conductors = 1 to 2 /i ni thick, at RF frequencies, tIS < 1, R r {= R^ c . 
Table 3.3 compares conductivities and skin depth of various metals used. Silver 
has the maximum conductivity. 

3. 1.1. 2 Eddy Current Resistance 

The eddy current resistance in the inductor trace is a result of current crowding, 
that is, increasing current density along a part of the trace width. Consider a 
sector of an «-turn circular spiral inductor as shown in Figure 3.3(b). The 
inductor carries a current / co ;i and the associated magnetic flux is A co n. The 
magnetic flux lines enter the page plane at the far end of the turn n and come 
out of the page plane in the center of the coil, where they have maximum 
intensity. When there is not enough hollow space in the center of the coil, a 
large part of the magnetic flux also goes through the inner turns. According to 
Faraday-Lenz’s law, when a conductor is moved into a magnetic field or a 
conductor is placed in a time-varying magnetic field, eddy currents are induced 
in the conductor in the direction where their self-flux is opposite to the applied 
magnetic field. Thus, as shown in Figure 3.3(b), circular eddy currents / e ddy 
are generated due to magnetic fields that go through the inner turns, and an 
opposing magnetic field A e ddy due to eddy currents is established. 

The eddy current loops produced within the trace width cause nonuniform 
current flow in the inner coil turns. They add to the excitation current I col \ on 
the inside edge and subtract from the excitation current / co ;i on the outside 
edge. Therefore, the inside edges of the coil carry current densities much larger 
than the outside edges, giving rise to a larger effective resistance compared to 
the case of uniform current flow throughout the trace width. Because the eddy 



Table 3.3 

Conductivity, Resistivity, and Skin Depth Values of Commonly Used Metals 



Metal 


Conductivity 
(10 5 s/cm) 


Resistivity 
(10“ 6 il-cm) 


Skin Depth (/urn) 

@ 1 GHz @ 10 GHz 


Aluminum (Al) 


3.8 


2.6 


2.57 


0.81 


Gold (Au) 


4.1 


2.4 


2.50 


0.79 


Copper (Cu) 


5.8 


1.7 


2.09 


0.66 


Silver (Ag) 


6.2 


1.6 


2.02 


0.64 
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currents are induced due to time-varying magnetic fields, their values are a 
strong function of frequency. The critical frequency/]. at which the current 
crowding begins to become significant is given by [40] 



fc = 



3.1 (W+S) 

? ^ sh 

lir^W 2 - 



(3.4) 



where /jlq is the free-space permeability and R s ^ is the sheet resistance of the 
trace. An approximate expression for the series resistance is given by [40] 

R s = R dc [\+0.l(flf c ) 2 ] (3.5) 

The excitation of eddy currents can be minimized by cutting longitudinal 
slits in the inner turns’ conductors or making the inner turns narrower and the 
outer turns wider. Because the contribution of the inner turns to the inductor’s 
inductance is low because of its small area, removing them altogether or using 
a “hollow” coil reduces the effect of eddy currents. 

An inductor’s loss depends on the geometry of the inductor, metal conduc- 
tivity, substrate resistivity, and frequency of operation. Metal losses dominate 
at low frequencies, whereas substrate losses are critical at high frequencies and 
are discussed next. 



3.1.2 Substrate Loss 

A major drawback of inductors on Si substrates (intrinsic or heavily doped) is 
the extra substrate resistive losses due to low resistivity of the substrates. The 
substrate loss consists of two parts: finite resistance due to electrically induced 
conductive and displacement currents, and magnetically induced eddy current 
resistance. These losses are known as capacitive and magnetic, respectively. 

3. 1.2.1 Capacitive Loss 

When a coil is excited, a voltage difference occurs between the conductor 
and the grounded substrate that gives rise to capacitive coupling between the 
conductors. If the substrate is an insulator (i.e., very high resistivity) with a 
very low loss tangent value, the ohmic loss in the dielectric is negligible. When 
the substrate has finite resistivity, the penetration of the electric field into the 
substrate is limited (very low for a low- resistivity substrate). In this case, finite 
ohmic loss takes place, depending on the resistivity of the substrate. In low- 
resistivity substrates, such as in CMOS technology, the skin depth becomes on 
the order of the substrate thickness, giving rise to higher ohmic losses. Because 
this loss is coupled through the shunt capacitance, it is also commonly referred 
to as capacitive or electric substrate loss. 
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Finite resistivity loss can be minimized by either using very high resistivity 
substrates or by placing a shield between the oxide layer and the substrate. 

3. 1.2.3 Magnetic Loss 

In heavily doped Si substrates, currents induced by the penetration of the 
magnetic fields of the inductor into the substrate cause extra resistive loss. 
Consider Figure 3.4, which shows magnetic field flux lines associated with the 
coil excitation current. The flux lines uniformly surround the inductor and 
penetrate into the substrate. As discussed in Section 3.1.1, due to the Faraday- 
Lenz law, loops of eddy currents / su b flow in the low-resistivity substrate under- 
neath the coil, with higher current density closer to the coil. The direction of 
/ su b is opposite to the direction of / co ;i, giving rise to extra substrate loss. Because 
this loss is associated with magnetic fields, it is commonly referred to as magnetic 
or inductive substrate loss. Substrates with high resistivity have negligible magnetic 
loss. 

In summary, by using narrow conductors that meet skin effect requirements 
(W = 3<5) in the inner turns, using a hollow coil design, and using compact 
area coils, one can keep the substrate loss to a minimum. Because the magnetic 
field in a small coil penetrates less deeply into the substrate, eddy current loss 
is not severe as for large coils. Therefore, an optimum solution, in terms of 
inside dimensions and coil area for a given substrate, can be found. These losses 
are again discussed in detail in Section 3.1.5. 

3.1.3 Layout Considerations 

For a given inductance value, one would like to have the highest possible values 
of Q and SRF in the smallest possible area of an inductor using standard process 




Figure 3.4 Currents and fields in a coil printed on a lossy Si substrate. 
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techniques. For the most part, the cost of the integrated chip dictates the 
inductor area, but the high-Q requirement may also be a deciding factor in 
low-noise and power amplifiers. 

The operation of inductors on Si substrates can be classified into three 
regimes: inductor mode, resonator mode, and eddy current mode as described 
by Burghartz and Rejaei [60] . These three modes are determined by the resistivity 
of the Si wafers. Figure 3.5 shows the variations of Q max , the frequency at 
which the value of Q is maximum, /(Q max )> SRF, and inductance at maximum 
quality factor, E(Q max ), of a 2-nH inductor as a function of silicon resistivity. 
The value of maximum Q-factor of a 2-nH inductor on a 3.5-ft-cm resistivity 
substrate varies from 5.5 to 7.5 when realized using various different values of 
n, W, S, and inner radius. The dimensions for the results in Figure 3.5 are 
based on average Q-value. 

Both Q max and /(Q max ) increase with substrate resistivity in the inductor 
mode regime. In the resonator mode domain, both the Q max and SRF drop 
drastically due to increased capacitive loss in the substrate. In this regime, after 
Qmax drops it increases slightly due to decreased capacitive loss with further 
reduction in the resistivity. Further decrease in the resistivity leads to the eddy 
current regime, where magnetic loss is greater than the capacitive loss and Q max 
decreases further. From Figure 3.5 it is evident that the substrate resistivity 
should be greater than 30 and 0.3 fi-cm to prevent the contributions of sub- 
strate’s capacitive and magnetic losses, respectively. These numbers will vary 
slightly with the inductor’s geometry. Figure 3.6 shows the values for inductance 
and the Q-factor for various combinations of the inductor’s dimensions (width, 
spacing, inside diameter, and number of turns). 

3.1.4 Inductor Model 

The EC model for inductors discussed in Section 2.4 of Chapter 2 is based on 
the assumption that the substrate is lossless. Flowever, a Si substrate is lossy; 
several different models for inductors on Si substrate have been reported in the 
literature to account accurately for the effect of a dielectric layer between the 
inductor coil and the Si substrate, and for capacitive and inductive losses in 
the substrate. The main difference in the models relates to the capacitive and 
inductive losses in the low-resistivity Si substrate. 

Figure 3.7 shows various EC models that can be used to describe the 
characteristics of an inductor on a Si substrate. Various model parameters are 
described as follows: 

R s = series resistance of the inductor metal; 

L = total inductance; 

Cp = fringing capacitance between the inductor turns; 
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(a) 




Figure 3.5 Dependence of the maximum quality factor ( Q max ); the frequency at Q max , f(Q mm Y, 
the inductance at Q max , L(Q max Y, and the self-resonance frequency ( f res ) on the 
substrate resistivity (psi) with (solid lines) and without (dotted lines) consideration 
of eddy current in the substrate. The three regimes, in inductor mode (resonance 
through C p ) at >10 fl-cm, in resonator mode (resonance through C o x ) at 0.1 to 
10 Ll-cm, and with considerable eddy current at <0.1 fl-cm are indicated. (From: 
[60]. © 2003 IEEE. Reprinted with permission.) 
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Figure 3.6 Comparison of measured (vertical bars) and simulated (small horizontal bars) 
values of (a) inductances and (b) quality factors (Q) of 57 circular spiral coils 
(T M 4 = 1 Atm; 7 ‘q x = 4 yim; psi = 2. 5-3. 5 il-cm) having optimum metal widths 
(W= 4-23 ^m) and spaces (S = 3-16 //m) for given radius (/?= 60-220 //m) and 
numbers of turns ( n = 2-8). (From: [60]. © 2003 IEEE. Reprinted with permission.) 



C 0 x\,2 = shunt capacitances of the oxide layer; 

C s fj 1 1 2 = total shunt capacitance of the dielectric layers and substrate; 
R s b\,2 = shunt resistance due to substrate losses; 

R se = parallel resistance due to eddy current loss in the substrate. 

Figure 3.7(a, b) describes commonly used EC models. These models are 
electrically identical when the shunt series arrangement is converted into a 



68 



Lumped Elements for RF and Microwave Circuits 




(a) 



Cp 




Vw 





(b) 



Cp 




(c) 




Figure 3.7 (a-d) Equivalent circuit models used for characterizing coil inductors on Si sub- 
strate. 



parallel combination. Here the oxide layer capacitance is absorbed into the 
substrate capacitance. Figure 3.7(c) shows a more detailed version of the above 
model in which another capacitor C s y has been added that accounts for capacitive 
coupling to the lossy substrate. The above-mentioned models predict reasonably 
well the behavior of an inductor on a Si substrate. A more accurate model 
includes substrate resistance, R se , as shown in Figure 3.7(d), and accounts for 
the magnetic coupling between the spiral and low-resistivity CMOS Si substrate. 
The magnetic field generated by the current on the spiral induces current in 
the Si substrate, which has the opposite polarity, giving rise to R se resistance. 
In a simple way, if the R se term is not used in the model it becomes a part of 
R sb- 

Thus, series element values depend on the properties and dimensions of 
the inductor conductor trace, whereas the shunt element values are determined 
by the dielectric parameters between the inductor and the substrate, substrate 
doping, and thickness and substrate parameters. Shunt values at ports 1 and 2 
are not the same due to asymmetry in the inductor trace and the connections 
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between the inductor and ports. As a first-order approximation, shunt values 
for ports 1 and 2 can be assumed identical. 

3.1.5 0-Enhancement Techniques 

One of the important characteristics of an inductor on a Si substrate is its 
quality factor Q. Techniques used to enhance the Q-factor of inductors on a 
Si substrate can be grouped into four categories as shown in Figure 3.8. These 
are based on trace layout, trace metal parameters, the use of a high resistivity 
substrate, and the use of a substrate shield. These are discussed in this section. 

3. 1.5.1 Trace Layout 

For a given set of inductor conductor and substrate materials, one can optimize 
the inductor’s Q by properly selecting the physical layout of the inductor trace 
to minimize the resistive, capacitive, and inductive losses. Several techniques 
discussed in the literature include variable line width [21, 38], differential 
configuration [22, 57], and vertical inductor. 

Variable Line Width 

The effect of eddy currents can be minimized by making the line widths of the 
inner turns of the inductor narrower than the outer turns [21, 38]. Narrower 
line widths have higher dc resistance; however, this is compensated by using 
wider line widths in the outer turns. This structure is shown in Figure 3.9(a). 
In this structure the improvement in Q-value is more pronounced at higher 
than lower frequencies, because the effect of eddy currents is more severe at 
high frequencies. 

For inductors having variable line width on a conducting Si substrate, no 
substantial improvement in Q is possible, because of excessive capacitive losses 
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Figure 3.8 Q-Enhancement techniques for inductors on Si substrate. 
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Figure 3.9 (a) Variable width layout of an inductor, (b) Simulated O-factor of 20-nH inductors 

for several line widths. Optimum layout) ), 25/1 m( ), 40 yim( ), 

and 10 /im ( ). (From: [38]. © 2000 IEEE. Reprinted with permission.) 



through the substrate. However, improvement can be achieved by reducing the 
capacitive losses by using a multilayer dielectric Si technology or micromachining 
technology as discussed later in this section. 

Figure 3.9(b) shows simulated results for four different 20-nH inductors 
using eight turns optimized for operation at 3.5 GHz. Three inductors have 
constant line widths of 10, 25, and 40 /xm, whereas the optimized layout 
inductor has inner and outer segments line width of 1 0 and 1 30 /zm, respectively. 
The spacing between the turns was 30 /tm. In all four inductors, the Si substrate 
below the inductor pattern was removed using micromachining techniques. The 
maximum Q-value for the optimized layout inductor was about 43 compared 
to 26 obtained for the 25-/zm constant line width inductor, which had the 
largest simulated Q of all the three cases. 

Differential Excitation 

The Q-enhancement of planar inductors can also be achieved by using the 
differential excitation technique [22, 57]. Differential circuit topologies are used 
at RF frequencies because they are less susceptible to supply noise present in 
on-chip bias lines, offer common-mode rejection, and minimize even-order 
mixing products [57]. Commonly used ICs that employ these inductors are 
differential VCOs, double-balanced mixers, Gilbert cell mixers, and differential 
amplifiers. Spiral inductors excited differentially play an important role in these 
circuits. The Q-factor of such inductors is enhanced because of smaller substrate 
loss and is maintained over a broader bandwidth [22] compared to the single- 
ended configuration. 
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Five-turn conventional and differential inductors having 8-nH inductance 
fabricated on a 15-ohm-cm silicon substrate were characterized. The differential 
test structure is shown in Figure 3.10(a). The line width, spacing, and inner 
and outer dimensions were 8, 2.8, 150, and 250 /tm, respectively. The measured 
and simulated Q-values for both single-ended and differential inductors are 
compared in Figure 3.10(b). The differential configuration has higher peak 
Q-values and a wider operating bandwidth. 

Vertical Inductors 

A vertical inductor, popularly known as a solenoid inductor, has higher Q than 
a planar inductor because of lower capacitive and magnetic losses from the 
lossy Si substrate. Solenoid inductors on a Si substrate were fabricated using 
micro machining techniques [43]. In this example a thick photoresistive epoxy 
mold was used and the Cu-electroplated solenoid coil was built on top of the 
50-/zm-thick epoxy mold above the CMOS Si substrate. Figure 3.11 shows a 
6-turn micromachined solenoid inductor. The spacing between the coil and 
the substrate results in lower substrate capacitive and magnetic losses and higher 
Q-factor and SRF. The Cu trace was 20 /im wide and 20 /im thick with an 
80-/zm turn-to-turn pitch. The measured values for the inductance and peak 
Q of a 6-turn inductor at 4.5 GFIz were 2.6 nH and 21, respectively. 

3. 1.5.2 High-Resistivity Substrates 

Many techniques have been used to improve the Q-factor of inductors by 
reducing substrate loss, especially capacitive loss. These include using high- 
resistivity silicon substrates [5], silicon on sapphire [9, 18] or glass or quartz, using 
an oxidized porous silicon substrate [15, 25] , removing the silicon underneath the 
inductor by micromachining techniques [39], and building inductors on a 
multilayer structure using low dielectric constant materials between the trace 
and the Si substrate [20, 23, 32, 54, 58]. The primary objective in all of these 
techniques is to either put the inductor trace on an insulator or to increase the 
distance between the trace and the lossy substrate. 

Multilayer Techniques 

Figure 3.12(a) shows a schematic cross-sectional view of an inductor fabricated 
on a multilayer substrate (polyimide-SiC^-Si). The line width, spacing, and 
outer dimensions were 16, 16, and 432 X 448 jam, respectively [23]. Si02 and 
Si MOSFET substrate thicknesses were 0.5 and 450 /am, respectively. The 
measured inductance and dc resistance of a 6-turn gold-conductor inductor 
were 10 nFF and 1 .311, respectively. Figure 3.12(c) shows the measured Q-factor 
and SRF as a function of polyimide thickness. As a benchmark, the Q-value 
of a similar inductor on a GaAs substrate is also shown. For a polyimide thickness 
of 60 jam, the Q-value is about 14 and the resonant frequency is about 9 GHz. 
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Figure 3.10 (a) Five-turn spiral inductor in differential configuration, (b) Simulated (dashed 
line) and measured (solid line) O-factor values of single-ended and differential 
inductor configurations. (From: [22]. © 1998 IEEE. Reprinted with permission.) 
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Figure 3.11 Photograph of a micromachined 6-turn solenoid inductor. [From: [43], © 2001 
IEEE. Reprinted with permission.) 



Au Polyimide (second layer) Spiral inductor Mo/Au/Mo 
Polyimide (first layer) 



Si-substrate 



\SiO, 



(a) 




(b) 




(c) 



Figure 3.12 (a) Cross-sectional view of a spiral inductor fabricated on a polyimide-SiC^-Si 
substrate, (b) Measured Q-factor versus frequency of 10-nH inductors on Si 
substrate for different polyimide thicknesses, (c) Measured Q-and SRF versus 
polyimide thickness of 10-nH inductors. (From: [23]. © 1998 IEEE. Reprinted with 
permission.) 
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The Q of an inductor can be further enhanced by reducing the conductor 
resistance using thick Cu metal [54] . The test data obtained for various inductors 
on a CMOS-grade p-type silicon substrate with a resistivity of 20 O-cm is 
summarized in Table 3.4. The maximum Q-value for several inductance values 
is at 2 GHz. 

Micromachined Inductors 

The quality factor of inductors on a Si substrate has been improved using 
micro machining techniques [4, 33, 39, 61-63] as described in Chapter 13. In 
this method the Si substrate is removed underneath the planar inductor pattern 
by a chemical etching process, which results in much lower capacitive loss and 
increased self-resonant frequency due to the reduction of interturn and substrate 
parasitic capacitances. 

Inductors were realized by placing crossover connections on a S^Nq mem- 
brane using 0.6-/zm-thick metal 1 and the inductor pattern on SiC >2 using 
1.4-yum-thick metal 2. The p-type Si substrate had a resistivity value of 3.5 
H-cm. A photograph of a 4.25-turn inductor is shown in Figure 3.13(a). 
Measured and simulated inductance and Q-values [61] for several inductors 
are shown in Figure 3. 13(b, c). As shown, the Q-values for suspended inductors, 
because of negligible substrate loss, are much higher than typically obtained 
Q-values of 4 to 6 for similar inductors when directly printed on Si substrates 
[2, 3]. Normally, metal layers used in Si technology are of aluminum and have 
thicknesses on the order of one skin depth. The Q-values of suspended inductors 
are further enhanced by using thick Cu metal layers. 

In silicon technology, copper interconnects have been introduced to 
improve the Q -factors of passive components including inductors and capacitors. 



Table 3.4 

Summary of Q-Values for Various Conductor and Multilayer Dielectric Thicknesses 



Inductance 

(nH) 


Metal Thickness 
(yum) 


BCB Thickness 
(/um) 


Max Q-Value* 


1.0 


0.8 


6.0 


6.5 


1.0 


1.2 


6.0 


10.8 


1.0 


3.2 


6.0 


16.1 


1.0 


15.0 


6.0 


25.4 


3.2 


6.0 


6.0 


23.0 


5.2 


6.0 


6.0 


20.0 


1.0 


6.0 


6.0 


25.0 


1.0 


6.0 


12.0 


28.0 



*Maximum Q-value is at about 2 GHz. 
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Figure 3.13 (a) Micromachined 4.25-turn inductor configuration, (b) Simulated and measured 
inductance versus frequency of a 4.25-turn micromachined inductor, (c) Simulated 
and measured Q-value versus frequency. [From: [61]. © 1996 IEEE. Reprinted 
with permission.) 
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Table 3.5 compares conventional and micromachined inductor measured data 
for 4-turn spiral inductors fabricated with 0. 1 8-/xm Si CMOS technology using 
a 6-level copper interconnect and low-K dielectrics. The line width and spacing 
were 20 and 10 /tm, respectively. In Table 3.5, “Qmax conv.” and “Q max LC” 
were calculated using (2.12) and (2.11), respectively. For the smaller diameter 
inductor, the maximum Q and / res values for a micromachined inductor are 
12.5 and 14.0 GHz as compared to 4.39 and 10.1 GHz for conventional 
inductors on Si substrate. 

To provide an electromagnetic shield and to reduce the crosstalk between 
circuits in a MMIC, a cavity backed suspended inductor can be used [62]. In 
this configuration, the etched cavity (both bottom surface and sidewalls) is 
metallized with copper as shown in Figure 3.14(a). The spiral inductor consists 
of electroless plated copper on polysilicon. It has been reported that this topology 
can withstand high shock and vibration requirements. Figure 3.14(b) shows 
the top view of a 2.5-turn rectangular spiral inductor and Table 3.6 summarizes 
various parameters. Here, n is the number of turns, W is the width of the 
inductor, S is the spacing between turns, d is the inner diameter, t s is the 
thickness of the polysilicon conductor, W 0 is the width of the overpass conductor, 
d c is the depth of the cavity, t is the thickness of the copper deposited, and d e 
is the separation between the spiral and the cavity wall. The inductor model is 
represented by a parallel combination of a capacitor Cp and an inductor L in 
series with a resistor R s as shown in Figure 2.17(b) in Chapter 2, and the values 
measured at 1 GHz along with Q max values are given in Table 3.6. The variations 
of self-inductance L and parasitic capacitance Cp as a function of cavity depth 
are shown in Figure 3.l4(c, d), respectively, and the data show that a cavity 
depth of 40 to 50 /tm is sufficient to achieve the minimum value of Cp. The 
self-resonant frequency f res of an inductor is estimated by using 



Table 3.5 

Summary of Conventional and Micromachined Four-Turn Inductor Measured Parameters 

on Si Substrate 



Parameter 


Conventional 


Micromachined 


Conventional 


Micromachined 


L m ( nH) 


3.16 


3.19 


4.61 


4.69 


Qmax conv. 


4.39 


12.5 


3.64 


7.61 


@ f (GHz) 


1.75 


7.75 


1.25 


4.75 


Fide hi) 


3.45 


3.32 


5.28 


5.21 


Qmax LC 


4.43 


25.7 


3.50 


10.3 


@ f (GHz) 


2.05 


13.7 


1.45 


6.80 


f res (GHz) 


10.1 


14.0 


6.65 


11.38 


Diameter (^m) 


300 


300 


365 


365 
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Figure 3.14 (a) Cavity-backed membrane suspended inductor; (b) top view of a 2.5-turn 
inductor, with dimensions; and (c, d) inductance and capacitance versus cavity 
depth, respectively. (From: [62], © 2000 IEEE. Reprinted with permission.) 



Table 3.6 

Summary of Cavity-Backed Three Inductor Parameters and Measured Data 



Parameters 


Indl 


Ind2 


Ind3 


n 


3 


5 


7 


1/1 I (yim) 


3 


5 


6 


S (/jl m) 


3 


3 


4 


d (fjL m) 


125 


75 


125 


t S (/^ITl) 


1.5 


1.5 


1.5 


W„ Otm) 


18 


18 


18 


d c (/cm) 


30 


30 


30 


f t/^m) 


0.75 


0.75 


0.75 


d e l/tm) 


30 


30 


30 


L 1 ighz (nH) 


1.8 


2.7 


8.2 


C p (fF) 


13.1 


16.0 


28.9 


R s|1GHz (ft) 


2.7 


3.7 


8.4 


^max 


23 


36 


30 
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/res = 



2ir^\LC p 



(3.6) 



For L = 8 nH and Cp = 0.03 pF, the SRF is 10.27 GFFz. 

3. 1.5.3 Patterned Ground Shield 

Several techniques have been discussed in the literature to reduce substrate loss 
by placing an EM shield between the trace and substrate. These include metal 
ground shield (MGS), polysilicon ground shield (PGS), and n + ground shield 
(NGS). Solid ground shields result in very large capacitances between the trace 
and the ground plane, lower inductance, and SRF. Therefore, solid shields are 
not used; instead, patterned ground shields are preferred in which slots are cut 
perpendicular to the traces of the inductor or the flow of eddy currents. Such 
slots block the eddy current flow and reduce the magnetic loss. They also allow 
partial passing of the electric field, lowering the capacitive loss without increasing 
the parasitic capacitance appreciably. The effectiveness of a patterned ground 
shield on the improvement of Q depends on several factors including the 
resistivity of the Si substrate and ground shield metal, the thickness of the shield 
metal, the shield pattern type, the oxide layer’s dielectric constant and thickness, 
the inductor layout and the frequency of operation. Among MGS, PGS, and 
NGS techniques, NGS is considered to be the most robust. Figure 3.15 shows 
a rectangular spiral inductor with a patterned n + ground shield underneath 

[ 44 ]. 




Figure 3.15 Spiral inductor with a patterned ground shield underneath on a Si substrate. 
[From: [44]. © 2001 IEEE. Reprinted with permission.) 
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The contribution of resistive, inductive, and capacitive losses in the 
Q-calculations of the PGS inductor can be analyzed by simplifying the EC 
shown in Figure 3.7(c) to one port, that is, port 2 grounded. In this case a 
simplified EC is shown in Figure 3.16, where 



Cep C ox \ 



1 tv (C ox \ + C s b \ ) C s b\ R s b\ 

1 + oj 2 {C 0X i + C&i) 2 Rfbi 



(3.7) 

(3.8) 



From (2.12), 



toL 



R, 



Rp + 



oL\ 

~*r) + 1 



R , 



1 - 



R-s (C cp + Cp) 



- a>"L{C c p + Cp) 



toL 



= ■ resistor load factor • capacitor loss factor 

R s 



(3.9) 



Here both the resistor and capacitor loss factors are less than unity. Thus, 
the Q-value can be enhanced by making both loss factors close to unity. From 
(3.9) it is evident that the resistor loss factor becomes unity when the value of 
Rp from (3.7) is very large; that is, R& \ is very small (when ground shields 
provide a low-resistance ground path) or R s p\ is very large (replacing the substrate 
with an insulator). All of the patterned ground shields reduce R s j,\ or improve 
the resistive loss factor. However, they also introduce additional parasitic capaci- 
tance to C ox i and C s / } ] , which can degrade both loss factors. Due to the short 
distance between the spiral and ground, the MGS and PGS configurations 
increase these capacitances much more than the NGS topology. This means 



o 



o 



Rp 




c 



cp 




L 

Rs 



Figure 3.16 Simplified one-port inductor model. 
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that NGS is the most robust technique to enhance the Q-factor by about 20% 
to 30% [44], 

One of the undesirable features of the ground shield technique is lower 
and more pronounced SRF due to higher substrate capacitance and lower 
substrate loss, respectively. 

3.1.6 Stacked-Coil Inductor 

T o realize very large inductances per unit area, the stacked or multilevel inductor 
configuration is used. In this case, as shown in Figure 3.17(a), two inductor 
layers are placed on top of each other and connected in series. Because two- 
level inductor conductors are connected in such a way that the RF current flows 
in the same direction through both of the inductor traces, the magnetic flux 
lines add in phase and result in higher mutual inductance. A simplified EC of 
a stacked inductor is shown in Figure 3.17(b) and total inductance (L t ) is given 
by 



L t — L x + L 2 + 2 M (3.10) 

where L x and L 2 are the self- inductances of spirals 1 and 2 and M is the mutual 
inductance between them. The dots in Figure 3.17(b) represent the current 
flowing in the same direction through the spirals. If k is the coupling between 
the spirals, M can be written 



M= k^L x L 2 



(3.11a) 




Figure 3.17 (a) Two-level inductor configuration, (b) Simplified two-port EC. 
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When both spirals are identical (i.e., L \ = Lj = L) and tightly coupled 
{k = 1 ), the total inductance becomes 

Z;=4Z, = 2 2 Z (3.11b) 

Thus the maximum inductance value by stacking two spirals can be 
increased by a factor of 4. Similarly, for n stacked spirals, the total inductance 
of the structure is n 2 times that of one spiral; that is, inductance can be increased 
quadratically with the number of layers and therefore, very compact inductors 
can be realized. 

In silicon technology, stacked inductors can be realized by using multilevel 
interconnects [ 8 , 42, 48, 60]. Thus, very compact inductors can be realized 
using the four to five metal layers typically available in CMOS technologies. 
In these technologies, the top layer thickness is about 2 /im, whereas other 
metal layers are about I /im thick and the oxide layers are about 1 to 1.5 /im 
thick. The Si substrate resistivity is about 0.01 O-cm. Because the metal layers 
are very close to each other, the coupling coefficient k is close to unity and 
results in large parasitic capacitances between the metal layers. This leads to 
reduced SRF. The SRF is also affected by the maximum thickness of the oxide 
layer that can be deposited. The oxide thickness affects the SRF much more 
than it affects the Q- and L -values because the vertical dimensions are much 
smaller than the lateral dimensions and the substrate loss remains unchanged. 
Therefore, one can select various metal layers to realize the required inductance 
with the highest possible SRF by keeping a larger spacing between the spiral 
levels. 

Figure 3.18 shows two configurations for a two-layer inductor. The SRF 
of a two-layer inductor using M 5 and M 3 is higher than the inductor using 
M 5 and M 4 because of reduced interlayer capacitance. For a typical CMOS 
technology with five metal layers, the parasitic capacitance between metal layers, 
bottom metal and substrate, and C c<| are given in Table 3.7. Here for two-layer 
and multilayer structures, the expressions for C eq are given by [42] 

C eq = — (4Ci + C 2 ) two-layer (3.12a) 

1 ( \ 

= — 3 4 £ Q + C n I »-layer (3.12b) 

3« V *= 1 / 

The resonant frequency is given by 




1 



(3.13) 
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Metal 5 



Metal 5 





Figure 3.18 Two-level inductor fabricated using (a) metal 5 and metal 4 and (b) metal 5 and 
metal 3 layers. [From: [42]. © 2001 IEEE. Reprinted with permission.) 



Table 3.7 

Approximate Parasitic Capacitance Between Metal Layers and Metal and Si Substrate 



Metal A 


Metal B 


Cl ( p F//x m 2 ) 
Metal A-Metal B 


C 2 (pF/ynm 2 ) 

Metal B-Substrate 


C e q (pF//xm 2 ) 


m 5 


m 4 


40 


6 


14 


m 5 


m 3 


14 


9 


5.4 


M 5 


m 2 


9 


12 


4.0 



Mj designates the metal / layer. 



where L t is the total inductance of the stacked inductor. From Table 3.7 it is 
obvious that the SRF of a two-layer inductor using M 5 and M 2 is about twice 
that of the inductor using and A/4 layers. Also (3.12a) and (3.12b) suggest 
that the effect of interlayer capacitance C\ is about four times more than the 
bottom-layer capacitance C 2. Figure 3.19(a) shows a three-layer inductor. 

Table 3.8 summarizes the measured performance of nine inductors charac- 
terized using 0.25-/zm CMOS technology. Assuming a single-layer inductance 
of about 13 nH (45 nFf divided by about 3.5) in 240 /x m 2 square area, a five- 
layer inductor has about 20 times more inductance compared to the conventional 
inductor of the same physical area, using the same conductor dimensions and 
spacings. 

An alternative approach for a multilevel inductor having about four times 
lower C e q has been reported [48]. Figure 3.19(b) shows the four-layer inductor 
wiring diagram with current flow. Due to slightly lower inductance value, this 
configuration has a SRF that is approximately 34% higher than the conventional 
stacked inductor. 
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(a) (b) 



Figure 3.19 (a) Conventional three-level inductor using metals 5, 3, and 1 on a Si substrate. 

(b) Improved SRF four-level stacked inductor with current flow path. [From: [48], 
© 2002 IEEE. Reprinted with permission.) 



Table 3.8 

Summary of Measured Performance of Stacked Inductors Fabricated in 0.25-^m CMOS 

Technology* 



Inductor 


Metal Layers 


Number 
of Turns 


L[ nH) 


Measured 
/res (GHz) 


L] (240 fi m) 2 


5,4 


7 


45 


0.92 


L 2 (240 /jm| 2 


5,3 


7 


45 


1.5 


L 3 (240 /rm) 2 


5,2 


7 


45 


1.8 


U (240 fjL m) 2 


5,4,3 


7 


100 


0.7 


i 5 (240 /rm) 2 


5,3,1 


7 


100 


1.0 


L s (200 /rm) 2 


5,2,1 


5 


50 


1.5 


L-, (200 yu.m) 2 


5,2,1 


5 


48 


1.5 


L s (240 /jm| 2 


5, 4, 3, 2 


7 


180 


0.55 


L s (240 /rm) 2 


5, 4, 3, 2,1 


7 


266 


0.47 



Line width = 9 ^m; line spacing = 0.72 [ jl m. 
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3.1.7 Temperature Dependence 

Spiral inductors on a Si substrate were also characterized [16] over temperature 
range — 55°C to +125°C. Figure 3.20 shows the top and side views of a 6-turn 
inductor studied for this purpose. The line width and spacing were 16 and 



Substrate Substrate 

contact contact 




Length = 6,367 fim 
Metal width = 16^m 
Turn-turn space = 10^m 
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3.61 Si0 2 
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r ' 


Si0 2 
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(b) 



Figure 3.20 (a) Top view of a 6-turn inductor on a Si substrate with ground signal ground 
pads for RF probe, (b) Cross-sectional view of the inductor with various dimen- 
sions. (From: [16]. © 1997 IEEE. Reprinted with permission.) 
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10 /jl m , respectively. Top and underpass connection metallizations were of 
aluminum. The inductance, Q, and / res values at 25°C were 10.5 nH and 5.8 
at 1 GHz and 4 GHz, respectively. 

The inductor’s 5-parameters were measured using RF probes over the 
temperature range from — 55°C to +125°C. The modeled value of inductance 
was almost constant with temperature below/ res . Figure 3.2 1 shows the variation 
of inductance, Q, normalized metal resistance, and substrate resistance and 
capacitance. Both resistance values doubled from — 55°C to 125°C. The Q-value 
decreases with increasing temperature below 2 GHz and increases with increasing 
temperature above 2 GHz. At low frequencies (below 2 GHz in this case), the 
primary loss in the inductor is due to the series resistance of the conductor. 
However, at higher frequencies (above 2 GHz), the capacitive reactance decreases 
and more currents start flowing through the substrate and thus more power is 
dissipated in the substrate. Figure 3.21(b) indicates that below 2 GHz, the 
variation of Q is dominated by the conductor loss, whereas above 2 GHz, 
substrate loss becomes more pronounced. The decreased value of capacitance 
with temperature results in lower substrate loss above 2 GHz. 
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Figure 3.21 Measured 6-turn inductor's parameters with temperature: (a) inductance, (b) Q, 
(c) normalized conductor resistance, and (d) normalized substrate resistance and 
capacitance. {From: [16], © 1997 IEEE. Reprinted with permission.) 
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3.2 Inductors on GaAs Substrate 

This section describes spiral inductors on a GaAs substrate. Because GaAs is 
an insulator compared to Si, substrate losses are negligible and the inductor’s 
EC becomes simpler. Q-values of inductors made using GaAs MMIC technolo- 
gies are four to five times higher than Si-based technologies due to thicker high- 
conductivity metals and the insulating property of the GaAs substrate. Because 
high-Q inductors improve IC performance in terms of gain, insertion loss, noise 
figure, phase noise, power output, and power added efficiency, several schemes 
similar to Si-based inductors to improve further the Q-factor of GaAs inductors 
have been used. Improved Q is also a very desirable feature in oscillators to 
lower the phase noise. (The phase noise of an oscillator is inversely proportional 
to Q 2 . Thus, a 20% increase in Q-factor will improve the phase noise by about 
40%. ) Because compact inductors are essential to develop low-cost MMICs, 
the 3-D MMIC process employing multiple layers ofpolyimide or BCB dielectric 
films and metallization to fabricate compact multilayer/stacked inductors is 
becoming a standard IC process. Multilayers of thick high conductivity metalliza- 
tion are capable of producing compact, high-current-capacity, high-performance 
inductors. 

Spiral (rectangular or circular) inductors on a GaAs substrate are used as 
RF chokes, matching elements, impedance transformers, and reactive termina- 
tions, and they can also be found in filters, couplers, dividers and combiners, 
baluns, and resonant circuits [64-83]. Inductors in MMICs are fabricated using 
standard integrated circuit processing with no additional process steps. The 
innermost turn of the inductor is connected to other circuitry by using a 
conductor that passes under airbridges in monolithic MIC technology. The 
width and thickness of the conductor determines the current-carrying capacity 
of the inductor. Typically the thickness is 0.5 to 1.0 /tm and the airbridge 
separates it from the upper conductors by 1.5 to 3.0 /jl m. In dielectric crossover 
technology, the separation between the crossover conductors can be anywhere 
between 0.5 and 3 /tm. Typical inductance values for monolithic microwave 
integrated circuits working above the S-band fall in the range of 0.5 to 10 nH. 

Both square and circular spiral inductors are being used in MICs and 
MMICs. It has been reported [13, 76] that the circular geometry has about 
1 0% to 20% higher Q-values and f KS values than the square configuration. 
The design of spiral inductors as discussed in Chapter 2 can be based on 
analytical expressions or EM simulations or measurement-derived EC models. 
Usually, inductors for MMIC applications are designed either using EM simula- 
tors or measurement-based EC models. Bahl [81] reported extensive measured 
data for circular spiral inductors fabricated on GaAs substrates using a monolithic 
multilayer process. Various factors such as high inductance, high Q, high current 
handling capacity, and compactness were studied. Several configurations for 
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inductors were investigated to optimize the inductor geometry such as line 
width, spacing between turns, conductor thickness, and inner diameter. The 
measured effects of various parameters on inductor performance were included, 
such as line width, spacing, inner diameter, metal thickness, underlying dielectric, 
and dielectric thickness as discussed in Section 3.2.3. 



3.2.1 Inductor Models 

Various methods for modeling and characterization of GaAs spiral inductors 
have been described in the literature [69-82], An inductor is characterized by 
its inductance value, the unloaded quality factor Q, and its resonant frequency 
/res- Figure 3.22 shows various EC models used to describe the characteristics 
of GaAs inductors. Figure 3.22(a) represents the simplest model, whereas a 
comprehensive model for larger inductance values is shown in Figure 3.22(d). 
A commonly used EC model is shown in Figure 3.22(b) and an accurate account 
of substrate loss is represented in a model shown in Figure 3.22(c). In all of 
these models, the series inductance is represented by L, R s accounts for the 
total loss in the inductor, Cp is the fringing capacitance between inductor turns, 
and represents shunt capacitances between the trace and the substrate. 



(a) 





Figure 3.22 (a-d) Lumped-element EC models of the inductor on GaAs substrate. 
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The two-port lumped-element EC model used to characterize GaAs induc- 
tors in this section is shown in Figure 3.22(d). The series resistance R s used to 
model the dissipative loss is given by 

R s = R dc + R, c fJ + R d f (3.14) 



where R t j c represents dc resistance of the trace, and R iC and Rj model resistances 
due to skin effect, eddy current excitation, and dielectric loss in the substrate. 
In the model L t (L + L\ + L f), R s and the C’s represent the total inductance, 
series resistance, and parasitic capacitances of the inductor, respectively. The 
frequency /is expressed in gigahertz. 

In microwave circuits, the quality of an inductor is represented by its 
effective quality factor Q e ff and calculated using (2.12) from Chapter 2. The 
Q e ff values were obtained by converting two-port 5-parameters data into one- 
port 5-parameters by placing a perfect short at the output port. In this case, 
the following relationships are used to calculate the quality factor and f res : 



Tin - 5 1 1 



5n5 



12 J 21 



1 + 5 



22 



(3.15) 



Z in= 50 = ^ + jX(&) 

^ T 1 in 



(3.16) 



The self- resonant frequency (f tes ) of an inductor is calculated by setting 
Im [Z- m ] = 0; that is, the inductive reactance and the parasitic capacitive reactance 
become equal. At this point, Re [ Z m ] is maximum and the angle of Z; n changes 
sign. The inductor’s first resonance frequency is of the parallel resonance type. 
Beyond the resonant frequency, the inductor becomes capacitive. 



3.2.2 Figure of Merit 

For a given inductance value, one would like to have the highest possible Q e ff 
and/ res in the smallest possible area. In an inductor, changing W, 5, and the 
inner diameter affects its area and so it is difficult to make a good comparison. 
FFere we define a unique figure of merit of an inductor (FMI) as follows [81]: 

FMI = Q res • f KS /inductor area (3.17) 

Thus, the highest FMI value is desirable. 

3.2.3 Comprehensive Inductor Data 

Several types of circular spiral inductors having different dimensions, such as 
line width, spacing between the turns, and inner diameter, have been designed, 
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fabricated, and modeled [81]. These inductors as shown in Figure 3.23 were 
fabricated using both a standard and a multilayer MMIC process, with different 
conductor thicknesses. A summary of these inductors is given in Table 3.9, 
including the dimensions [Figure 3.23(a) and Figure 3.24] and current handling 
capability of several inductors. In the inductor column, the first three characters 
show the number of turns (e.g., 2.5), the fourth character (/) designates that 
the coil inductor has circular geometry, the fifth character is a numeric designator 
that represents the inductor’s dimensions (W, S, W', D ;) and the last character 
signifies its fabrication scheme using polyimide layers and multilevel conductors: 
standard S, inductor conductor on 3-/im polyimide — A and B; conductors 
on 1 0-/1 m polyimide and multilevel plating — M; and conductors on 1 0-fi m 




(a) 




Figure 3.23 Circular spiral inductors: (a) multilayer and (b) standard. 



Table 3.9 

Summary of Various Inductors with Dimensions and Current-Handling Capacity 5 
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For dimensional labels refer to Figures 3.23 and 3.24. 
*Based on 3.3 x 10 5 amp/cm 2 current density. 
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Figure 3.24 Cross-sectional view of the multilayer inductor. For multilayer process, fy = ti ■■ 

4.5 m and d-\ = 3 fim, and di = d^ = 7 fim. 



polyimide and thick multilevel plating — T. In all the inductors, the underpass 
metal 1 is directly on the GaAs substrate. Using the multilayer process, two 
types of inductors were studied: high Q and high current. The first type of 
inductor is designed using a single level of plating. In this case, as shown in 
Figure 3.23(a), the inductor pattern with thick plated metallization 2 is placed 
on a 3-/zm-thick polyimide layer (not shown) backed by a 75-/zm-thick GaAs 
substrate. The innermost turn of the conductor is connected to the output line 
through a via in the 3-/zm- thick polyimide layer and metal 1. Metal 1 is about 

1.5 /urn thick and placed directly on the GaAs substrate. Parameters for these 
inductors are listed in Table 3.10. 

Figure 3.25 shows the layouts of some of the 2.5-turn inductors described 
here. All inductor patterns are drawn to the same scale. In the second type of 
inductor, two levels of plating are used. The first conductor layer is placed on 
top of 3-/zm-thick polyimide and connects the innermost turn of the inductor 
to the output line through the via. The second conductor layer is placed on 
an additional 7-/J. m-thick polyimide layer and forms the inductor pattern. The 
total polyimide thickness underneath the inductor pattern is about 10 /im. 
Both metallizations are 4.5 /im thick and are connected by a via through the 
7-/zm-thick polyimide. Figure 3.24 shows the multilayer structure used for 
multilayer inductors. 

Several compact inductors having various numbers of turns (1.5, 2.5, 3.5, 
4.5, and 5.5) were also studied. All of these inductors have an inner mean 
radius of 50 /im, an 8-/xm line width, and 8-jum spacing between the turns. 
Metal 1, which is placed directly on the GaAs substrate, has a thickness of 

1.5 /zm, whereas metal 2 has a thickness of 4.5 /tm and is placed on top of 
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Model Parameter Values for Type A Inductors 
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Note: The EC model used is shown in Figure 3.22(d), where R is given by (3.14). 
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2.5I0A 2.5I3A 2.5I4A 2.5I5A 

Figure 3.25 Four different types of 2.5-turn inductors. 2.5I0A: 1/1/ = 16, S= 10, Z7,= 50; 2.5I3A: 
1/1/ = 16, S= 10, Dj= 210; 2.5I4A: 1/1/ = 12, S= 8, D,= 50; and 2.5I5A: W= S= 8, 
Dj= 50. All dimensions are in microns. 



3-/im-thick polyimide. These inductors are types A and B, with the only 
difference being that in type A inductors W' = W [Figure 3.23(a)] and in type 
B inductors W' = 2 W. 

Inductors fabricated using two levels of plating can be designed for much 
higher current capacity than is possible if one wiring layer must be thin, as is 
the case if only one layer of plating is available. Along with increased current 
capability, the Q-factor is enhanced due to lower resistance. The current- 
handling capability of a conductor is limited by the onset of electromigration. 
The conductor thickness and line width determine the current-carrying capacity 
of the inductor. A safe value of maximum current density of gold conductors 
on a flat surface is 3.3 X 10 5 A/cm 2 . For example, for 4.5-/zm-thick conductors, 
the calculated maximum current-handling capacity is 1 5 mA per micron of line 
width. Table 3.9 provides the calculated value of maximum current for several 
inductors investigated in this study. 

Inductors were tested for two-port 5-parameters up to 40 GHz using 
RF probes. Measured data were taken using an on-wafer TRL de-embedding 
technique. The TRL calibration standards were placed directly on the same 
GaAs substrate as the inductor structures, so that the same calibration standards 
can be used for all the multilayer inductors. From the de-embedded 5-parameter 
data, the model element values were derived and Q e ff and / res were obtained 
as described in Section 3.2.1. The Q e g- values are obtained at the maximum 
Q e ff frequency, which is experimentally observed at about 0.5/ res . Table 3.10 
summarizes typical model parameter values for various circular spiral inductors 
tested on a 75-/zm-thick GaAs substrate. The inductors are classified into six 
groups, depending on the W + 5 dimension and the inner diameter. Figure 
3.26 shows total inductance as a function of inductor area for an inductor of 
type A. Higher inductance and area for a given inductor type means a larger 
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Figure 3.26 Variations of measured total inductance versus area for different inductors of 
type A. 



number of turns. Six groups of inductors are described next, with all dimensions 
given in microns: 



XO: Di = 50 and n = 1.5, W = 20, S = 8; n = 2.5, W= 16, S = 10; 
n = 3.5, W=12,S=l4;n = 4.5, W= 12, S = 14; 



XI: Di = 108 and n = 1.5, W= 20, S = 8; n = 2.5, W = 16, S = 10; 
n = 3.5, W= 12, S = 14; 

X2: D t = 158 and n = 1.5, W= 20, 5= 8; n = 2.5, W = 16, S = 10; 
n = 3.5, W= 12, S= 14; 

X3: Di = 210 and n = 1.5, W= 20, 5= 8; n = 2.5, W = 16, S = 10; 
n = 3.5, W= 12, S = 14; 

X4: Di = 50, 1^= 12, S = 8, and n = 1.5, 2.5, 3.5; 

X5: Di = 50, W=8, S= 8, and n = 1.5, 2.5, 3.5, 4.5, 5.5. 



For a 1-nH inductance value, the X5-type inductors have about 0.25 of 
the area of X3-type inductors, whereas for larger inductance values, X5 inductors 
are about one-third of the area of X3 inductors. Figure 3.27 shows Q e ff as a 
function of inductor area. The broken lines indicate Q e ff values for 1- and 
2-n H inductance values. Note that for an inductor having about a 1-nH value, 
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Figure 3.27 Variations of measured Q e ff versus area for different inductors of type A. 



X2- type inductors provide the maximum Q e ff, whereas for a 2-nH value, the 
X2 and X3 types have similar Q e g- values, while X3-type inductors have about 
a 25% larger area. Figure 3.28 shows the self-resonant frequency of these 
inductors as a function of area. The broken lines indicate the resonant frequency 
values for 1- and 2-nFI inductance values. In general, the larger the area, the 
lower the resonant frequency, and X3-type inductors have the lowest and X5 
type the highest resonant frequencies. 

3.2.3. 1 Line Width 

The line width is the most critical variable in the design of coils. In general, 
Q e ff increases due to lower dc resistance and/ res decreases due to higher parasitic 
capacitance with the increase in the line width. Figures 3.29 and 3.30 show 
the variations of Q e ff>/rcs> and inductor area for 1- and 2-nH inductance values, 
respectively, for W= 8 jul m, 5=8 /im, D t = 50 /im, and the number of turns 
is selected for the desired L value. For W= 12 /xm; 5, Dj, and n are desirable 
variables for achieving the desired inductance value. For W= 16 jjl m, 5 = 10 
/tm and D, and are desirable variables, whereas for W = 20 /im, 5 = 8 /tm 
and Dj and number of turns are desirable variables. For the 1-nH inductor, 
the increase in Q e g- value is not significant when the line width increases from 
16 to 20 /im, while the increase in area is about 80%. For higher inductance 
values, an optimum line width is about 16 /im for maximum Q e ff. 
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Figure 3.28 Variations of measured self-resonance frequency versus area for different induc- 
tors of type A. 




Line width (urn) 



Figure 3.29 Inductor's Q e ff, f res , and area as a function of line width for a 1-nH inductance 
value. 



Area (mm 2 ) 
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Figure 3.30 Inductor's Q e ff, / res , and area as a function of line width for a 2-nH inductance 
value. 



3. 2.3.2 Spacing Between Turns 

In general, Q e ff increases with the area of an inductor. However, small area 
inductors mandate small separation between the turns. Table 3.1 1 shows induc- 
tor parameters for 8- and l4-/z,m spacing. As expected a 3.5I0A inductor has 



Table 3.11 

Inductor Parameters for Several Inductors Fabricated Using a Multilevel MMIC Process 
on 75-^m-Thick GaAs Substrate 



Inductor 

Number 


Width (/um) 


Spacing |/im) 


MnH) 


/res (GHz) 


Peak Q etf 


1.5I4A 


12 


8 


0.342 


>40 


41.5 


2.5I4A 


12 


8 


0.808 


34.2 


35 


3.5I4A 


12 


8 


1.593 


20.5 


30 


3.7I4A* 


12 


8 


1.82 


18.0 


29 


3.5I0A 


12 


14 


1.82 


18.7 


30 


3.511 A 


12 


14 


2.63 


14.0 


31.5 


3.5I2A 


12 


14 


3.63 


10.6 


29.5 


3.5I3A 


12 


14 


4.59 


8.75 


27.5 



Extrapolated from Figures 3.26, 3.27, and 3.28. 
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a slightly higher inductance and lower / res than the 3.5I4A one due to increased 
area. Because the 3.5IOA inductor has higher inductance and lower f res , its Q e ff 
is expected to be higher than the 3.5I4A inductor’s Q e ff. The data in Figures 
3.26, 3.27, and 3.28 have been used to extrapolate f res and Q e ff values for the 
inductance value of 1.82 nH. As expected, the 3.7I4A inductor has lower 
/ res and Q e ff values than the 3.5I0A inductor. For spiral coils, W/S > 1 is 
recommended. 

3.2.3.3 Inner Diameter 

Because the contribution of the innermost turn is small due to its very small 
inner diameter, enough empty space must be left in the center of a coil to allow 
the magnetic flux lines to pass through it in order to increase the stored energy 
per unit length. Inductors with four different inner diameters (50, 108, 158, 
and 210 /rm) were studied. Figures 3.31 and 3.32 show the variations of L t , 
Q e ff, and /„,<; as a function of inner diameter for W = 20 /xm, 5=8 /xm, 
n — 1.5, and W= 12 /xm, 5 = 14 /xm, n = 3.5, respectively. As expected, the 
inductance increases and/ re s decreases with increasing inner diameter (//) due 
to increased inductor area. As can be seen, the maximum Q e ff occurs around 
Dj = 100 /xm. Similar optimum Dj is obtained for other line widths and 
multilayer inductors. 




Figure 3.31 Inductor's L t , G e ff, and f res versus inner mean diameter for 1.5-turn inductors. 



Printed Inductors 



99 




Figure 3.32 Inductor's L t , G e ff, and f res versus inner mean diameter for 3.5-turn inductors. 



3. 2.3.4 Number of Turns 

Multiturn inductors have higher inductance per unit area, but due to higher 
parasitic capacitances, have lower-self-resonance frequencies. Figure 3.33 shows 
the plots of L t , Q e ff, and versus number of turns for X5 inductors. 

The decrease of Q e ff with an increasing number of turns is because of 
increased parasitic capacitance and increased RF resistance due to eddy currents. 
Figures 3.34 and 3.35 show typical variations of inductance and Q e ff as a 
function of frequency for 1.5-, 2.5-, 3.5-, 4.5-, and 5.5-turn inductors. Data 
are shown up to the first resonance. The maximum Q e ff point decreases with 
the increase in number of turns because of increased RF resistance due to eddy 
currents and the increase of parasitic capacitance. Below the maximum Q e ff 
point, the inductive reactance and Q e g- increase with frequency, while at frequen- 
cies above the maximum Q e ff point, the RF resistance increases faster than the 
inductive component. This results in a decrease in the Q e ff value with frequency, 
and Q e ff becomes zero at resonance of the inductor. As expected, the inductance 
increases approximately as n 2 , where n is the number of turns. For X5-type 
inductors the value of total inductance (nfT), Q e ff factor, and resonance frequency 
(GHz) can be calculated approximately using the following empirical equations: 

L t = 0.04 + 0.12« 2 (nH) 



(3.18) 
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Figure 3.33 Variations of L t , Q e ff, and f res area as a function of number of turns for X5 
inductors. 
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Frequency (GHz) 



Figure 3.34 Typical variations of L t versus frequency for different inductor turns. 
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Frequency (GHz) 



Figure 3.35 Typical variations of G e ff factor versus frequency for different inductor turns. 



Qeff = ~ ^~25 (3-19) 

n 

OS' C'l 

/res = ’ TTc (GHz) for / res < 30 GHz (3.20) 

0.9432 + 0.01 n iAb 

3. 2.3.5 Multilayer Dielectric Inductors 

Typical inductance values for MMIC applications on a GaAs substrate in the 
microwave frequency band fall in the range from 0.2 to 10 nH. On a thin 
GaAs substrate (3 mil or smaller), the use of high value inductors in the matching 
networks becomes difficult because of lower resonant frequencies due to larger 
interturn fringing capacitance and larger shunt capacitance to ground. These 
parasitic capacitances can be reduced significantly by using a multilayer configu- 
ration [83]. 

Several types of multilayer dielectric inductors have been tested and com- 
pared with standard inductors. Variations of L t (L + L\ + Lj), the quality 
factor Q e ff, and resonant frequency / res for four inductor types (see Table 3.9 
for designation) are shown in Figures 3.36, 3.37, and 3.38, respectively. Com- 
pared to standard inductors, inductors using the multilayer process have about 
17% to 21% higher resonance frequencies and 65% to 73% higher Q e ff values. 
The thicker polyimide layer increases the values of Q e ff and the resonance 
frequency of the inductors due to reduced dissipative loss and lower parasitic 
capacitance, similar to the characteristics of multilayer microstrip lines [83]. 



MnH) 
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2.511 2.512 2.513 3.511 3.512 3.513 

Inductor 

Figure 3.36 Comparison of L t for various inductors types fabricated using standard (S), 
multilayer (A), multilayer and multilevel metallization (M), and multilayer and 
multilevel thick metallization (T) processes. For inductor parameters refer to 
Tables 3.9 and 3.10. 




Figure 3.37 Comparison of Q e ff for various inductors types fabricated using standard (S), 
multilayer (A), multilayer and multilevel metallization (M), and multilayer and 
multilevel thick metallization (T) processes. For inductor parameters refer to 
Tables 3.9 and 3.10. 



Printed Inductors 



103 




Figure 3.38 Comparison of f res for various inductors types fabricated using standard (S), 
multilayer (A), multilayer and multilevel metallization (M), and multilayer and 
multilevel thick metallization (T) processes. For inductor parameters refer to 
Tables 3.9 and 3.10. 



Similar improvements in the inductor’s performance have also been observed 
by placing the inductor’s conductor on thick oxidized porous silicon [15]. The 
total inductance value is more or less invariant. 

The performance of these inductors can be improved further by using 
low dielectric constant (e r< /= 2.7) low-loss (tan <5 = 0.0006) benzocyclo-butene 
(BCB) as a multilayer dielectric. The thermal resistance of polyimide or BCB 
is about 200 times the thermal resistance of GaAs. To ensure reliable operation 
of these components for high-power applications, these components must be 
modeled thermally. 

3. 2.3.6 Thickness Effect 

The effect of metal 2 (Figure 3.24) thickness on the inductors’ characteristics 
was also investigated. The Q-factor of an inductor is increased by increasing 
the conductor thickness because this reduces the series resistance. For this study, 
the metal 2 thickness was increased from 4.5 to 9.0 /x m. This increases the 
current handling by a factor of 2 when the width of metal 1 is twice the 
inductor’s line width (Table 3.9). In the thick metallization case, the Q e ff value 
is further enhanced by about 3% to 17%, the inductance value is reduced by 
about 4% to 6%, and the resonant frequency does not change due to increased 
parasitic capacitance as shown in Figures 3.36, 3.37, and 3.38. Table 3.12 
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Table 3.12 

Inductor Parameters for Several Values of Polyimide Thicknesses and Metallization 

Thicknesses 



Polyimide 

Thickness 

1/um) 


Inductor 

Number 


ir (nH) 


Peak Q e ff 


/res (GHz) 


0 


2.5I3S 


2.35 


31.1 


11.8 


3 


2.5I3A 


2.41 


35.5 


13.15 


10 


2.5I3M 


2.26 


53.7 


14.3 


10 


2.5I3T 


2.15 


55.2 


14.35 



summarizes the inductor model parameters for several 2. 5-turn inductors. These 
inductors have up to 93% higher Q e ff factor values than the standard inductors. 

3. 2.3.7 Inductor Area 

The Q-factor of a coil can be enhanced by increasing its area using either a 
larger inside diameter or wider line dimensions or by increasing the separation 
between the turns. In general, using a wider line dimension reduces the dc 
resistance of the coil. However, the parasitic capacitance of the inductor trace 
and the RF resistance due to eddy currents increase with the line width. This 
sets a maximum limit for the line width. For a micromachined inductor, this 
limit is about 20 /x m [21], whereas for planar inductors on a 3-mil-thick GaAs 
substrate this limit is about 16 /tm for larger inductance values. 

However, for low-cost considerations one needs compact inductors. Figure 
3.39 shows the figure of merit for several inductors of type A. The value of 
inductance selected is 1 nH, and the X5 structure has the best FMI because it 
has the smallest area and highest resonance frequency due to lower parasitic 
capacitances. 

The data discussed earlier for circular spiral inductors are also compared 
with standard [81] and variable line width [80] square inductors in Figure 3.40. 
As expected, the square inductors have lower Q e ff than the circular inductors; 
however, for higher values of inductances, the Q e ff values for the circular inductor 
on a 3-/xm-thick polyimide dielectric layer and the variable line width square 
inductors are comparable. The resonant frequencies for small inductance values 
are comparable; however, for high values of inductance the circular inductors 
have higher resonant frequencies primarily due to their small line widths. 

3.2.4 0-Enhancement Techniques 

One of the most important FMIs is the quality factor (Q). Higher values of 
Q are needed to improve the microwave circuit’s performance. Because an 
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Figure 3.39 Comparison of FMI for various inductors. 



inductor’s Q is inversely proportional to the series resistance of its metal conduc- 
tor trace, high conductivity and thick conductors are desirable. Other 
Q-enhancement techniques include using variable line width [21, 79], the 
differential excitation technique [22] , and multilayer dielectric and metallization 
[80-82], In the latter case, as discussed in the previous section, the improvement 
in Q is achieved by reducing both the dc resistance using thicker conductors 
and parasitic capacitance using a multilayer dielectric medium. More discussion 
on this subject for rectangular inductors is included in the next section. The 
Q -factor of a coil can be enhanced by increasing its area and reducing the dc 
resistance by using a wider line width. However, the parasitic capacitance of 
the inductor trace and the RF resistance due to eddy currents increase with line 
width; this sets a maximum limit for the line width. 

It has been shown experimentally that the quality factor of spiral inductors 
can be increased by reducing magnetically induced currents in the trace width 
by narrowing the line width of the inner turns similar to a silicon micromachined 
inductor [21], Several square spiral inductors using different trace line widths 
and number of segments were designed. A summary of these inductors is given 
in Table 3.13. Standard inductors 1 IS, 15S, 19S, and 23S, also tested for 
comparison, have a constant line width of 20 /tm, whereas modified inductors 
11SM, 15SM, 19SM, and 23SM have different line widths for each turn as 
given in Table 3.13. The first two numbers designate the number of segments. 
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0 1 2 3 4 5 



Total inductance 

Figure 3.40 Comparison of Q e ff for type A, and standard circular, square, and variable width 
inductors. 



All inductors have 12-/zm spacing between the turns. Figure 3.41 shows typical 
physical layouts for standard and modified inductors using 23 segments. The 
area of the modified inductors is about 20% to 30% larger than for standard 
inductors. 

The inductors were fabricated on a 75-/zm-thick GaAs substrate using a 
MMIC process. The thicknesses of the interconnect (metal 1) and plated gold 
(metal 2) metallizations are about 1.5 and 4.5 /im, respectively. The inductors 
were tested for two-port 5-parameters up to 40 GHz using RF probes. The 
measured data were taken by using an on-wafer TRL de-embedding technique. 
The two-port EC model used is shown in Figure 3.22(d). 

Table 3.13 summarizes typical model values for various standard and 
variable width inductors. Figure 3.42 shows the variation of measured Q as a 
function of number of segments for standard and modified (to minimize eddy 
current) spiral inductors. The Q -values are obtained at about 0.5/ res , which is 
also a maximum Q-point frequency. An increase of about 22% in the quality 
factor of modified inductors in comparison to standard inductors was observed. 
For a given number of segments, the number of squares of conductor is approxi- 




Table 3.13 

Square Inductor Model Parameters 



Printed Inductors 




Note: The EC model used is shown in Figure 3.22(d), where /? is given by (3.14). 
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Constant width 



Variable width 



n I 




23SI2 
W = 20 
S = 12 
L = 5442QL 



420 ^m 





23SI2B 

W=10, 20, 25, 30,35, 40 
S = 12 
L = 5442 



\ 






v 









490 



Figure 3.41 Physical layouts of constant line width and variable line width 23-segment 
inductors. 




Figure 3.42 Variations of measured Q versus number of segments for constant and variable 
line width inductors. 
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mately the same. The extracted model parameters also suggest that the modified 
inductors have reduced R s . Figure 3.43 shows the ratio of RJ R t \ c as a function 
of frequency for 15S, 15SM, 23S, and 23SM inductors. 

The Q-factor of spiral inductors can be enhanced by using thicker metalli- 
zation and placing inductors on a thick polyimide layer that is placed on top 
of the GaAs substrate. Using this technique, an improvement of 68% in the 
quality factor of spiral inductors as compared to standard spiral inductors, has 
been demonstrated [80]. Tables 3.14 and 3.15 summarize typical model parame- 
ter values for multilayer dielectric inductors. The inductors are rectangular spirals 
and their dimensions are the same as those given in Table 3.13 for standard 
inductors. The polyimide thickness was 10 /im and the substrate thickness was 
75 jam. For Table 3.14, the inductor’s metal 2 thickness was 4.5 /am, whereas 
for Table 3.15 it was 9 /am. In comparison to standard inductors the inductors 
using a multilayer dielectric process with 4.5-/zm-thick metal 2 have about an 
18% to 20% higher resonance frequency and 41% to 56% higher Q-values. 
The polyimide layer increased the values of Q and the resonant frequency. 

The total inductance value (in nanohenries) of a multilayer dielectric 
inductor can be calculated using the following empirical equation: 

L t = 0.8^4 (p/4) 1 ' 667 (3.21) 




0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0 50.0 100.0 

Frequency (GHz) 



Figure 3.43 Normalized total resistance versus frequency for several inductors. 
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where A is the area in square millimeters and p is the number of segments. 
When the metal 2 thickness was increased from 4.5 to 9.0 /jl m, the Q-value 
was enhanced by about 9% to 12%, the inductance value decreased by about 
4% to 6.6%, and the resonant frequency did not change due to increased 
parasitic capacitance, respectively. These inductors have about 50% to 68% 
higher Q-factor values compared to standard inductors. The 10-/xm-thickpoly- 
imide layer increased the values of the Q-factor and the resonance frequency 
of the inductors due to reduced dissipative loss and lower parasitic capacitance, 
respectively, similar to the characteristics observed in multilayer microstrip lines 
[83, 84]. The total inductance value is more or less invariant. 

3.2.5 Compact Inductors 

Compact inductors can be obtained by stacking several layers of inductor pat- 
terns. Such inductors are known as 3-D or stacked inductors. Potential problems 
in such inductors are lower Q because of higher series resistance of thin cross- 
under conductors, and lower self-resonant frequency due to higher interlayer 
capacitance. Bahl [80] reported on high-performance 3-D inductors using a 
multilayer process employing two levels of thick metallizations. A two-layer 
inductor with the first layer on 3-/zm-thick polyimide and the second layer on 
10-/zm-thick polyimide was tested. Both inductor layers have 4.5-/zm-thick 
metallizations and are connected by a via in 7-/z m-thick polyimide. Because 
two-level inductor conductors are connected so that the RF current flows in 
the same direction through both of the inductor traces, the magnetic flux lines 
add in phase and result in a higher mutual inductance. Figure 3.44 shows two 
views of 15-segment inductors. The inductor parameters are the same as those 
given for the 15S inductor in Table 3.13; that is, a 20-/zm line width and 
12-/zm line spacing. 

The performance of a 3-D inductor is compared with rectangular spiral 
standard inductors (Table 3.13) and multilayer dielectric inductors (Table 3.14) 
in Figures 3.45, 3.46, and 3.47, which show total inductance, Q-factor, and 
f KS , respectively. For the 3-D inductor the inductance value is about 3.35 times 
higher compared to standard inductors having the same inductor area. The 
number of segments for each level of the 3-D inductor is 15, similar to 15S. 

Table 3.16 summarizes figure of merit as defined in (3.17) for standard 
inductors, multilayer dielectric inductors using 9-/z m-thick metal 2, and 3-D 
inductors. The value of inductance chosen is 6.7 nfF. The 3-D structure has 
the best FMI because of the smallest area and has the lowest resonant frequency 
due to higher interlevel capacitances. The Q-factor for the 3-D inductor is 
about 23% higher than for the standard inductor, but about 16% lower than 
for the multilayer inductor using thick metallization. 
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(b) 



Figure 3.44 Rectangular spiral inductors: (a) multilayer and (b) multilevel. 



The 3-D inductors have high current handling capacity, are compact in 
size, and have the highest figure of merit. The use of such inductors in pass- 
ive and active MMICs will result in improved RF performance, smaller size, 
and lower cost. These inductors can also be used as RF chokes for biasing 
power amplifier circuits. The multilayer inductors also allow the use of thinner 
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Number of segments 



Figure 3.45 Variations of measured total inductance versus number of segments for standard, 
multilayer, and 3-D inductors. 




Number of segments 

Figure 3.46 Variations of measured Q versus number of segments for standard, multilayer, 
and 3-D inductors. 
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Number of segments 

Figure 3.47 Variations of measured self-resonance frequency versus number of segments 
for standard, multilayer, and 3-D inductors. 



Table 3.16 

Comparison of Several 6.7-nH Inductors for Best Figure of Merit 



Parameter 


Standard 

Inductor 


Multilayer 

Inductor 


3-D Inductor 


Units 


he s 


5.0 


6.4 


4.43 


GHz 


Q 


22.0 


33.0 


28.5 




Area 


0.193 


0.193 


0.084 


mm 2 


FMI 


5.7 


10.9 


15.03 


10 2 GHz/mm 2 



(2-3 mil) GaAs substrates, which help in the reliability of GaAs power ICs 
without increasing attenuation loss in the circuits. 

Two- and three-level stacked square spiral inductors on GaAs substrate 
with different numbers of turns were EM simulated. Figure 3.48 shows the 
layout of a two-level inductor, and Figure 3.49 compares inductance and SRF 
versus inductor area for one-level, two-level, and three-level inductors. In all 
the three types, the inside hollow dimension is 50 /xm, and line width and 
spacing are 8 /rm. The GaAs substrate used was 75 /im thick. 

For multilayer inductors, the inductance and/ res can be expressed in terms 
of area and number of turns. For example, for the inductor shown in Figure 
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3.48, the total inductance for single (Z j), two (Z 2 )> and three layers (Z 3 ) can 
be approximated as follows: 



Z, = 30 An 0 - 69 


(3.22a) 


Z 2 = 3 .4L 1 


(3.22b) 


-K> 


(3.22c) 



where A is the area of the inductor in square millimeters, and n is the number 
of turns. These empirical equations are derived from EM data taken on several sets 
of inductor structures tested on 75-/zm-thick GaAs substrate with dimensions of 
Dj = 50 /zm, W = 8 /zm, and 5=8 /xm. The thickness of inductors was 
assumed to be 4.5 /x m. The resonance frequency is given by 



/re 



26 



(3.23) 



where i = 1 , 2 , and 3, and / res and Zy are expressed in gigahertz and nanohenries, 
respectively. 

3.2.6 High Current Handling Capability Inductors 

Inductors fabricated using two levels of plating can be designed for much higher 
current capacity than is possible if one wiring layer must be thin, as is the case 
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(b) 

Figure 3.49 (a) Inductance and (b) SRF versus number of turns. 



when only one layer of plating is available. Along with increased current capabil- 
ity, the Q-factor is enhanced due to lower resistance. The current-handling 
capability of a conductor is limited by the onset of electromigration. The 
conductor thickness and line width determine the current-carrying capacity of 
the inductor. A safe value of maximum current density for gold conductors on 
a flat surface is 3 X 10 5 A/ cm" [80]. For example, for a 4.5-yum-thick conductor, 
the calculated maximum current-handling capability per unit width is 13.5 mA 
per micron so a 20-/zm-wide line can handle up to 270 mA of current. 
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High current handling capability inductors were fabricated by using the 
multilayer process featuring two levels of global 4.5-/zm plated gold metalliza- 
tion. Polyimide is used as an interlevel dielectric for the interconnect metal and 
a glassivation or buffer layer for mechanical protection of the finished circuitry. 
The thickness of the interlevel layers 1, 2, and buffer layer polyimide are 3, 7, 
and 7 /zm, respectively. The thickness of the plated gold metallizations 1 and 
2 are both about 4.5 /x m. Thicker (9-/zm) metallization 2 is also available for 
the MMIC process. The separation between the two plated metallizations is 
about 7 /im and they are connected by vias through the 7-/z m-thick polyimide. 
Test data reported in Tables 3.14 and 3.15 were for high-current inductors 
and can handle current values of 0.27 and 0.54A, respectively. For Table 3.15, 
the metal 2 thickness is 9 /tm and the width of metal 1 is twice the inductor’s 
line width. 



3.3 Printed Circuit Board Inductors 

Printed circuit board (PCB) spiral inductors, used for biasing and matching 
active devices, have been designed and characterized on multilayer PCBs [85-87]. 
Figure 3.50(a) shows a cross-sectional view of a multiturn inductor embedded 
in a 1-mm-thick, copper-clad (9-/zm) FR-4 substrate. The spacing between the 
conductors is 2 mil. Input and output connections to the inductor were made 
using via through holes in 25-/zm-thick polyimide. The effects of inductor area 
and number of turns on its inductance, Q-factor, and resonant frequency were 
studied [85]. Figure 3.50(b) shows the variations of inductance, maximum 
quality factor, and the resonance frequency versus number of turns for various 
inductor area values. The summary of results is similar to that of monolithic 
inductors on GaAs. The maximum Q-factor decreases with increasing number 
of turns due to increased parasitic capacitance and eddy current resistance. 
Here also the inductance increases approximately as n 1 and the self-resonance 
frequency decreases because of increased parasitic capacitance. 

As discussed in previous sections, several techniques including variable 
line width, thick conductors, thicker substrates, and multilayer dielectric configu- 
rations can be used to improve the Q-factor of inductors. The Q-factor can 
also be enhanced by replacing the ground plane with a two-dimensional periodic 
structure as shown in Figure 3.51. In this case, the ground plane consists of a 
thin, two-sided PCB having identical rectangular rings on both sides, with their 
centers connected using via through holes. Such a periodic structure lowers the 
eddy current resistance and reduces the parasitic shunt capacitance value. For 
a 1.5-turn inductor (1.5 X 1.5 mm) on Rogers 4003 (e r = 3.8), the inductance 
and Q-values were improved by more than 30% [86]. 
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(b) 



Figure 3.50 (a) Cross-sectional view of the PCB inductor; and (b) variations of inductance, 
self-resonance frequency, and maximum Q as a function of number of turns for 
various inductor areas. The separation between the turns was 2 mil. (From: [85], 
© 2002 IEEE. Reprinted with permission.) 
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Figure 3.51 Two-dimensional periodic structure enhanced Q-inductor. (From: [86], © 2002 
IEEE. Reprinted with permission.) 



The design of meander line inductors on PCBs has been described [87]. 
Meander line inductors have lower inductance per unit area than coil inductors; 
however, they do not require a multilevel process and thus have lower manufac- 
turing cost. Figure 3.52(a) shows a one-turn meander line inductor, and its 
simplified lumped-element EC model is shown in Figure 3.52(b), where the 
R c term is a result of dielectric loss. Closed-form expressions for EC parameters 
have been reported [87] and validated using experimental data for several differ- 
ent inductors. Table 3.17 provides dimensions and electrical data for a variety 
of such inductors. The electrical data are based on measured performance. 

The Q -factor and/ res were calculated using the following relations [87]: 

R c co(L - co 2 L 2 C- R^C) 

Q - ” ^ y \ — (3 ' 24) 

RJ + R C R/ + co 2 L 2 




Figure 3.52 (a) Configuration of a one-turn meander line inductor, (b) LE model. 
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/res = 



2tt-\IlC 



(3.25) 



3.4 Hybrid Integrated Circuit Inductors 

The evaluation of lumped inductors using MIC technology for microwave 
applications began in the mid-1960s. The growth of inductors took off after 
the development of MIC techniques for printing high-resolution patterns on 
alumina substrates [88, 89]. In this section, inductors fabricated using hybrid 
integrated circuit technologies such as thin film, thick film, and LTCC are 
described. 



3.4.1 Thin-Film Inductors 

High-quality inductors developed using multilayer thin-film glass technology 
have been described [90]. The inductor pattern was made up of 3-/um- thick 
copper printed on a 5-/zm-thick BCB (e r/ j = 2.7) layer backed by 700-jmm- 
thick low-loss borosilicate glass substrate (e r = 6.2). The coils were designed in 
a coplanar configuration as shown in Figure 3.53 and have an inner diameter 
of 200 /L m. The spacing between the inductor conductor and the coplanar 
ground plane was 200 /im, The connection between the center of the coil and 
the output was made using a second layer of copper printed on the second 
5-yU.m-thick BCB layer on top of the inductor pattern. 

Several inductors having different line widths and numbers of turns were 
characterized. Table 3.18 lists physical dimensions for nine inductors. Measured 
inductance and Q-factor values versus frequency, for these inductors, are plotted 
in Figure 3.54. Typical measured L , Q max , and / res values for a 3.5-turn inductor 
(d in Table 3.18) are about 6.2 nH, 48.5, and 7.9 GHz, respectively. 

The Q of thin-film inductors was enhanced by using suspended inductors 
with large air core area over the glass substrate. The inductors were fabricated 
by employing a multilayer thin-film process and surface-micromachining tech- 
niques. The rectangular spiral inductor pattern consisting of 9-/zm-thick copper 
was suspended with the help of polyimide posts, and the center of the inductor 
was connected to the output using TiCu film on the glass substrate through a 
plated via hole. Figure 3.55 shows the rectangular spiral inductor, and measured 
electrical data for three different inductors are summarized in Table 3.19. The 
electrical data in this table represent state-of-the-art performance for printed 
inductors with reduced substrate loss and parasitic capacitance. 





4,005 





Table 3.17 (continued) 

Summary of Meander Line Inductor Dimensions and Electrical Parameters 
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For PCBs, e r = 4.6, h = 1.5 mm, and f = 0.035 mm 
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Figure 3.53 Top view of a 3.5-turn inductor with ground-signal ground RF probe pads. [From: 
[87], © 2001 IEEE. Reprinted with permission.) 



Table 3.18 

Dimensions for Spiral Inductors with Different Conductor Widths and Number of Turns* 



Spiral Label 


a 


b 


c 


d 


e 


f 


9 


h 


i 


Conductor width 

(Atm) 


30 


50 


100 


30 


50 


100 


30 


50 


100 


Number of turns 
Total outer 


1.5 


1.5 


1.5 


3.5 


3.5 


3.5 


5.5 


5.5 


5.5 


diameter |/im) 


380 


460 


660 


580 


740 


1,140 


780 


1,020 


1,620 



Conductor spacing is 20 /x m, the inner diameter is 100 /rm, and spacing to the coplanar ground 
plane is 200 /xm. 



3.4.2 Thick-Film Inductors 

The design and test data for several rectangular and circular spiral inductors 
printed using a thick-film process on alumina substrate have been reported [91]. 
At RF and lower microwave frequencies, the thick-film process is a viable 
technology to develop low-cost MCMs. The inductors were designed using 
simple equations [92] on a 25-mil-thick alumina substrate (e r = 9.6). The 
inductance and Q-values were obtained by connecting a known capacitor across 
the inductor and measuring the one-port reflection coefficient as described in 
Section 2.4.5. The inside port of the inductor was grounded through a 12-mil- 
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(b) 

Figure 3.54 (a) Measured inductance and (b) Q versus frequency for several inductors listed 
in Table 3.18. [From: [90]. © 2001 IEEE. Reprinted with permission.) 



diameter via hole and the output port was connected to a 25-mil RF pad. A 
shunt capacitor mounted on a grounded pad was connected to the RF pad 
through a 15-mil-long, 1-mil-thick gold wire to resonate out the inductor. 
One-port S-parameters were measured using RF probes by placing the center 
conductor of the probe on the inductor’s RF pad and its ground connection 
on the capacitor ground pad as shown in Figure 3.56. Measuring the first 
parallel resonant frequency and 3-dB bandwidth, the inductance and Q-value 
were obtained as discussed in Section 2.3.5. Here two different capacitor values 
were used, 3.6 and 4.7 pF. Table 3.20 summarizes the measured data for three 
inductors having 2, 3, and 4 turns. Because the Q-values of the discrete capacitors 
were much greater than the printed inductor’s Q, the effect of the capacitor Q 
was neglected. The self-resonant frequencies of the inductors are also several 
times greater than the capacitor tuned resonance frequencies. 
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Figure 3.55 Configuration of a suspended rectangular spiral inductor having large air core 
area. 



Table 3.19 

Measured Data Summary for Three Suspended Inductors, with f = 9 yum and H = 60 ,u m 



Line 

Width 

(yum) 


Spacing 

(yum) 


Inner 
Diameter 
d (yum) 


Outer 
Diameter 
D (yum) 


Number 
of Turns 


H nH) 


^max 


/ res (GHz) 


40 


40 


800 


1,280 


3.5 


27.3 


50 


2.85 


40 


40 


500 


1,300 


5.5 


37.8 


44 


2.40 


40 


50 


500 


1,030 


3.5 


16.5 


46 


4.20 



3.4.3 LTCC Inductors 

LTCC technology [93-97] offers great potential to realize compact, high-perfor- 
mance inductors. Multilevel thick plating enables the design of different inductor 
topologies including multilayer standard and offset 3-D, helical, solenoid, and 
meander line inductors. In standard, solenoid, and meander line inductors, the 
inductance is increased by increasing the number of turns laterally, resulting in 
increased area, series resistance, and parasitic capacitances. In contrast, in 3-D 
and helical inductors, the inductance is increased by increasing the number of 
inductor layers and keeping a larger separation between the layers, resulting in 
smaller area for given inductance value, lower series resistance due to reduced 
eddy current resistance, and lower parasitic capacitances. Thus, 3-D and helical 
inductors in LTCC technology have higher Q- and SRF values as compared 
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Figure 3.56 Capacitor tuned inductor. 



Table 3.20 

Measured Inductance and Q-Factor of Thick-Film Inductors on a 25-Mil-Thick Alumina 
Substrate, with Line Width and Spacing = 6 Mil 



Number 






of Turns 


L( nH) 


a 


2 


9.7 


32.7 


3 


13.0 


30.6 


4 


34.0 


10.6 



to 2-D standard inductors. Figure 3.57 shows conventional 2-D, 3-D, and 
helical inductor configurations. 



3.5 Ferromagnetic Inductors 

Thin-film ferromagnetic materials have been applied to integrated inductors to 
enhance their inductance and Q-values [98, 99] by increasing the magnetic 
flux associated with the coil. One ferromagnetic film material used is CoNbZr, 
which has a relative permeability of about 500 to 1,000 and a thickness of 
about 0.1 / jl m. The film is deposited using a RF sputtering technique. Test 
results report improved inductance and Q-values by about 10% to 20% at 
2 GFFz, probably due to the thin layer of CoNbZr. 

Ferromagnetic inductors can be realized either by sandwiching the inductor 
coil between magnetic materials or by placing a magnetic material over the coil 
as shown in Figure 3.58. The sandwich-type configuration is preferred due to 
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2-D 




3-D 




Figure 3.57 Various LTCC inductor configurations: 2-D standard, 3-D, and helical. 



its larger increased magnetic flux in the coil. The frequency of operation of 
such inductors can be extended by cutting slits in the magnetic materials. 
Thicker ferromagnetic films will also give rise to higher inductance values. 
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(b) 



Figure 3.58 Cross-sectional view of ferromagnetic integrated inductors: (a) sandwich type 
and (b) on-top type. 
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4 

Wire Inductors 



Wire-wound inductors have traditionally been used in biasing chokes and 
lumped-element filters at radio frequencies, whereas bond wire inductance is an 
integral part of matching networks and component interconnection at microwave 
frequencies [1—10]. This chapter provides design information and covers practical 
aspects of these inductors. 



4.1 Wire-Wound Inductors 

Wire-wound inductors can be realized in several forms of coil including rectangu- 
lar, circular, solenoid, and toroid. The inductance of a coil can be increased by 
wrapping it around a magnetic material core such as a ferrite rod. Figure 4.1 
shows various types of wire-wound inductors currently used in RF and microwave 
circuits. The basic theory of such inductors is described next. 



4.1.1 Analytical Expressions 

In this section we describe analytical expressions used for the design of several 
types of wire-wound inductors. 

4.1. 1.1 Circular Coil 

The inductance of a single-turn coil shown in Figure 4.2(a) is given by [7] 



L = jm(2r — a) 




K(k) - E{k) 



(4.1) 
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Figure 4.1 Wire-wound inductor configurations. 




Figure 4.2 (a) Single turn circular and (b) multiturn coil having large radius-to-length ratio. 



